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Nanomaterials are gaining large amounts of traction due to the enhancement of certain 
properties that materials exhibit when they exist on the nanoscale. In particular, gold 
nanoparticles (Au NPs) ranging from 1 – 100 nm in size show great promise in fields ranging 
from sensing to cancer photothermal therapy due to its interactions with light. These interactions 
can be tuned such that Au NP solutions will undergo colorimetric changes when exposed to 
certain materials, or will radiate heat intense enough to induce cell death. All of these 
applications are only possible through fine-tuning of the surface chemistry of the nanoparticle 
and precise control over the chemical functionalities displayed. However, the interactions 
between these surface chemistries and biological systems are not fully quantified; therefore it 
remains difficult to predict the behavior of cells or tissues in response to exposure to NPs, as well 
as the response of NPs to a new environment. In order for these applications to be realized, the 
interface between biology and nanotechnology must be better understood.  
When nanomaterials enter biological systems, they are immediately surrounded by 
proteins, which form a ‘protein corona’. Past research has determined that how NPs are 
processed by the body (and how the body responds to the presence of NPs) is largely dependent 
on the composition of the protein corona. Furthermore, proteins adsorbed to the surface of NPs 
can have their functions altered, upsetting cellular homeostasis. Thus, understanding the changes 
that proteins undergo upon adsorption to NPs is crucial to understanding the driving factors 
behind the formation of a protein corona, and can lead to better predictability and control over 
iii 
 
the formation of the corona. This dissertation focuses on the effects of surface chemistry of Au 
NPs on protein adsorption and conformation, as well as on NP deposition behavior.  
Chapter 1 will introduce the element gold, its evolution throughout history, and the ways 
in which it’s currently being used in industry and biomedical science. This chapter will also 
introduce the concept of nanomaterials, and cover the basis on which many applications are 
developed. Au NPs exhibit strong tunable absorbance of visible and infrared light called plasmon 
resonances. Synthesis and surface chemistry modification techniques that allow for creation of 
precisely defined NPs are also introduced. Challenges facing the application of NP technologies 
are discussed, as well as an overview of this thesis. 
Le Chatelier’s Principle, which describes the behavior of systems whose equilibrium are 
disturbed, is applied in Chapter 2 to model protein adsorption to gold nanorods (Au NRs). In this 
study, it is found that the wrapping of polyelectrolyte polymers around highly curved 
nanomaterials does not change its thermodynamic interactions with certain proteins. Two 
protein/polyelectrolyte pairs were selected for their thermodynamic behavior to demonstrate Le 
Chatelier’s Principle applied on the nanoscale. Protein adsorption and desorption are observed 
upon plasmonic heating by laser excitation of the Au NRs; these behaviors match well with 
predictions made through Le Chatelier’s Principle. Furthermore, it is shown that this simple 
model can be used to describe complex systems, such as NRs in fetal bovine serum. 
In Chapter 3, we focus on the interactions between the protein α-synuclein (α-syn) and 
spherical Au NPs. α-Syn is a protein of great interest not only because of its ability to take 
different structural conformations in different environments, but also because of its strong link to 
Parkinson’s Disease. By using nuclear magnetic resonance (NMR) techniques, the binding 
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orientation of α-syn is deciphered on the amino acid level. Additionally, we show that the 
binding orientation of α-syn can be reversed by changing the surface chemistry of the Au NP, 
which was orthogonally corroborated by molecular dynamics simulation. This study provides the 
grounds for using Au NPs as a platform to study protein adsorption and behavior. 
The binding of α-syn to lipid vesicles mimics is discussed in Chapter 4. One important 
trait of this protein that has been previously identified is its strong interaction to anionic vesicles. 
SDS coated Au NPs of different sizes displaying an architecture similar to anionic vesicles were 
created to model vesicles with variable radii of curvature. Creation of such NPs provides a 
guarantee that vesicle size and shape does not change upon protein binding, which cannot be said 
about vesicles created with phospholipid molecules. Furthermore, two α-syn mutants are 
included in this study to highlight the differences in protein binding as a function of NP size and 
protein mutation. Using optical methods in conjunction with protein digestion techniques, a 
general picture of this system is built, and effects of protein mutations highlighted. 
Chapter 5 turns towards materials chemistry, and explores the role that surface chemistry 
plays when NPs are deposited onto textured substrates. Textured substrates can be used to 
wrinkle 2D materials such as graphene or MoS2, imparting new properties that are able to drive 
new technologies. By adjusting the surface chemistry, as well as a number of other parameters, 
the deposition behavior of NPs can be precisely controlled. Deposited NPs are analyzed using 
optical and electron microscopy, as well as various forms of spectroscopy. Until now, achieving 
structures such as the ones demonstrated in this Chapter are most commonly done using 
lithographic techniques, which is time-consuming and expensive. Deposition and alignment of 
NPs using this method offers the ability to create substrates decorated with NPs on a large scale 
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AN INTRODUCTION TO GOLD 
NANOPARTICLES1 
1.1 The Element Gold 
Gold is widely regarded as one of the most precious metals on earth. Historically, gold as 
an element has been linked to religious and mythical lore, and is used by many cultures around 
the world to represent eternity and eternal life. In Ancient Egypt, gold, considered to be the 





 century Roman times, gold and silver were dispersed in 
glass to create dichroic glass, which exhibits different colors depending on the angle of incident 
light. Throughout the medieval era, gold enjoyed its illustrious status as one of the focuses of 
alchemical studies by philosophers all over the world. In India, the notable alchemical author 





century Europe, an alchemist known only as Pseudo-Gerber posited that the secrets for purifying 
gold could also be used in purifying the human soul.
3,4
 Furthermore, influence by Islamic 
philosophers ignited in Western alchemy the search for the philosopher’s stone, which 
supposedly turned any substance it touched into gold (Figure 1.1).
4
  
                                                          
1
 Portions of this chapter have been adapted and reprinted with permission from Burrows, N. D.; 
Lin, W.; Hinman, J. G.; Dennison, J. M.; Vartanian, A. M.; Abadeer, N. S.; Grzincic, E. M.; 
Jacob, L. M.; Li, J.; Murphy, C. J. Surface Chemistry of Gold Nanorods. Langmuir 2016, 32 




Figure 1.1 a) Golden burial mask of King Psusennes I, who ruled between 1047 – 1001 BC. b) 
The Lycurgus cup, made by 4
th
 century Romans. The dichroic nature of the glass can be clearly 
seen as one side appears green, and the other side appears red (scattered vs. absorbed light). c) 
The alchemical symbol for gold. Photographs by a) Brett Weinstine (2008), and b) Ran Liu 
(2013).   
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Today, while gold is still used as a precious metal for decorative purposes, it is also being 
applied in a variety of areas such as technology and medicine. Gold bullion is used by many 
countries as protection against inflation and economic variations. It is also used in the making of 
corrosion-free electronic connectors used in potentially harsh environments such as 
communications equipment and jet aircraft engines.
5
 Modern medicine also uses gold salts as 
anti-inflammatory agents to reduce pain and swelling of rheumatoid arthritis.
6
  
1.2 Gold Nanoparticles 
In the recent years, colloidal gold solutions have emerged as yet another potential 
application of gold to the modern world.
7–9
 A colloidal solution of gold consists of gold particles 
that exist within the size range of 1 - 100 nm; particles in these solutions are more commonly 
known as nanoparticles, as they exist on the nanometer scale (1 × 10
-9
 m). At this scale, gold 
nanoparticles (Au NPs) exhibit a number of interesting fundamental properties that are not 
observed in bulk gold.  
Perhaps the most notable difference between Au NPs and bulk gold is the interaction of 
Au NPs with light (Figure 1.2). Electromagnetic radiation incident on Au NPs at certain 
wavelengths can induce coherent oscillation of the conduction band electrons at the NP surface. 
This phenomenon was solved by Gustav Mie in 1908 using Maxwell’s equations, and is 
commonly referred to as the surface plasmon resonance. In his calculations, Mie theorized that 
interactions of NPs with light would be dependent on the size of the NP, as well as the dielectric 
constant of the material and the refractive index of the surrounding environment.
10
 Richard Gans 
expanded these calculations to include non-spherical NPs, and discovered that the physical 




Figure 1.2 a) Color photograph, b) transmission electron microscopy images (scale bar = 30 
nm), and c) absorbance spectra of Au NPs solutions containing spheres and rods of different 
aspect ratios (length:width). Transmission electron microscopy images are outlined with the 




important role in determining the location of their plasmon resonances.
11
 Oscillation of the 
electron cloud due to plasmonic excitation leads to the formation of a strong electromagnetic 
field at the NP surface, and is dissipated through a number of radiative and non-radiative 
processes.
12
 Radiative relaxation processes release photons in the form of scattered light, while 
non-radiative processes use heat transfer to the environment to return the system to equilibrium. 
Both of these pathways can be harnessed and applied in numerous contexts ranging from sensing 
technologies to photothermal agents.  
1.3 Applications of Gold Nanoparticles  
When the energy contained in a photon of light resonant with the plasmon oscillation 
strikes an Au NP, its energy can either be scattered as a photon or absorbed into the lattice and 
dissipated as heat. Both scattering and absorption impart properties to Au NPs which are 
attractive for use in a number of areas. For example, the scattering of light by Au NPs has been 
shown to have the same scattering efficiency (or greater) than traditional fluorescence molecules, 
which promotes Au NPs as attractive imaging agents. Additionally, the heat released by Au NPs 
through non-radiative processes can reach temperatures deadly to cells and bacteria, allowing 
them to be used as photothermal therapy agents.  
The scattering of light by Au NPs allows them to be used as effective imaging and 
contrast agents, as they can easily be detected by methods such as dark-field microscopy. By 
using this technique, Wan et al. were able to track Au NPs conjugated to respiratory syncytial 
virus to observe the dynamics of virus invasions into human cancer cells.
13
 They noted that using 
13 nm Au NPs as tracking agents did not cause any damage to cells over prolonged periods of 
imaging. Altering the shape and morphology of Au NPs can in some cases promote their 
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interactions with light, enhancing certain processes. For example, gold nanocages 40 nm in 
diameter that absorb light at 800 nm were synthesized by Xia and coworkers to demonstrate their 
effectiveness as contrast agents.
14
 The surfaces of gold nanocages were decorated with 
antibodies targeted to breast cancer cells and used them as contrast agents in optical coherence 
tomography, which can provide 3-dimensional images based on optical scattering. The gold 
nanocages used in this work were observed to have scattering and absorption cross-sections 
orders of magnitudes stronger than traditional organic dyes.  
One of the first studies utilizing the concept of Au NPs as photothermal therapy agents 
was performed by Pitsillides et al., wherein Au NPs decorated with antibodies were incubated 
with lymphocytes, and a 532 nm pulsed laser was used to induce plasmonic heating.
15
 They 
showed with good confidence that only cells which contain NPs are killed, and cells within 
micrometers are unaffected. They also calculated a rise in temperature of 2500 K by the end of a 
20 ns pulse. In 2006, El-Sayed and coworkers applied Au NR photothermal therapy in vitro by 
tuning the absorption of Au NRs to 800 nm and conjugating them with an anti-epidermal growth 
factor receptor to target malignant epithelial cells.
16
 The Au NR complexes were incubated with 
both malignant and non-malignant cell types, and it was shown that a lower laser power was 
needed to destroy the malignant cells, due to the increased adsorption of NRs to the malignant 
cell type. Moreover, this concept can also be applied to drug and gene delivery applications. For 
example, Chen et al. loaded green fluorescence protein genes onto the surface of Au NRs, and 
observed their release as a pulsed laser system was used to excite the plasmon resonance inside 
HeLa cells.
17
 In their observations, they noted that only cells exposed to laser irradiation 
expressed green fluorescent protein, thus showing good spatial control over the release of 
conjugated DNA from Au NRs.  
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Additionally, the plasmon resonances of Au NPs can be used for screening and detection 
of molecules or markers. When individual Au NPs are brought in close proximity with one 
another, their plasmon resonances can couple, leading to a dramatic spectral shift in their 
absorbance.
18
 Mirkin and coworkers showed that Au NPs hybridized with the correct DNA 
strands can be used to detect low amounts of oligonucleotides.
19
 As the appropriate 
oligonucleotide targets were introduced into a solution of Au NPs, they hybridized and formed a 
network of NPs, and by doing so shifted the color of the solution from red to purple. They also 
showed that down to 10 femtomoles of an oligonucleotide could be detected using this method. 
Recently, Chen et al. has expanded this idea to develop a detection system for mercury ions on 
paper-based devices.
20
 Their system was based on the favorable complexation between Hg
2+
 and 
thymine, which was attached to the surface of Au NPs. Similar to Mirkin’s DNA study, they also 
observed a change in the NP color upon exposure to pond and river water deliberated 
contaminated with mercury.  
The electric field generated by the oscillation of plasmonically excited electrons of Au 
NPs can also be taken advantage of to enhance processes such as Raman scattering of nearby 
molecules.
21,22
 When molecules are placed close to the electromagnetic field of a plasmonic 
surface, the magnitude of their Raman vibrations are enhanced by multiple orders of magnitude, 
depending on the arrangement of the surface material.
23–28
 This phenomenon is referred to as 
Surface Enhance Raman Scattering, or SERS. In recent years, Kang et al. have applied this 
concept to generate high resolution images of live cells using Au NPs with molecules targeting 
specific organelles.
29
 They were able to capture images within 30 s, as well as observe the 
localization of NPs in their intended targets. Furthermore, they were able to observe changes in 
cell morphology when the cells were introduced to the toxic potassium cyanide. Along similar 
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lines, Thacker et al. have created Au NP dimers with DNA origami for use as SERS platforms.
30
 
By using DNA assembly techniques, they were able to reproducibly bring Au NPs to within 3.3 
nm of each other, which allowed for Raman enhancement of Rhodamine 6G of up to 7 orders of 
magnitude.  
1.4 Synthesis of Gold Nanoparticles  
The first scientifically documented creation of Au NPs was performed by Michael 
Faraday in the late 1850s, in which he described a variety of experiments with metal sols. In his 
groundbreaking Bakerian Lecture, Faraday notes that “the state of division of these particles 
must be extreme”.
31
 Electron microscopy experiments in later years showed that Faraday had 
indeed synthesized particles in the size regime of nanometers. Expanding upon Faraday’s work, 
John Turkevich in 1951 created the standard method for synthesizing spherical Au NPs, which is 
now referred to as the Turkevich method (Figure 1.3a).
32
 It requires that sodium citrate be added 
to a boiling solution of gold (III) chloride trihydrate (HAuCl4), and the reaction will proceed to 
convert the Au
3+
 ions to metallic Au
0
. Synthesis of Au NPs using this method can produce NPs 
ranging from roughly 10 – 40 nm, owing to the role of citrate as both the reducing agent and pH 
regulator.
33
 The solution is able to retain its stability owing to the citrate molecules capped 
around the NP surface which provide sufficient repulsive forces to prevent the metal cores from 
fusing together.
34,35
 Although there have been attempts to understand the exact orientation and 
conformation of citrate at the surface of the NP, the fast exchange rate of the molecule between 
its bound and free states makes it difficult to arrive at a firm conclusion of what the citrate 
molecule looks like when bound to an Au NP.
36–38
 However, recent studies have shown that that 
even after thiol functionalization of Au NP surfaces, the citrate molecule remains behind, 





mechanism of the formation of Au NPs by this method is still under consideration, as there have 
been differing opinions published on this matter. Kimling et al. proposed in 2006 that the 
formation of Au NPs by the Turkevich method begins with the complete reduction of precursor, 
followed by NP growth.
40
 However, by arresting nanoparticle growth at various stages of the 
reaction, Pong et al. observed the formation of gold nanowires approximately 5 nm in diameter, 
suggesting that the pathway to spherical Au NPs goes through an untraditional route.
41
 Through 
their electron microscopy experiments, they posited a series of steps where small Au NPs first 
assembled into nanowires before collapsing into spherical Au NPs. Yet another series of 
experiments were performed by Polte et al., which included a variety of X-ray experiments such 
as small-angle X-ray scattering (SAXS) and X-ray absorption near edge structure (XANES). 
They observed an initial reduction of only a fraction of the metal salt, before particle growth 
occurs. Although there is currently disagreement regarding the growth mechanism of Au NPs, 
the Turkevich method still remains the most widely used and most reliable way of synthesizing 
spherical NPs with diameters smaller than 40 nm. Synthesis of larger spherical Au NPs is also 
possible, but requires a slightly more complex mixture of small Au NPs, gold salt, sodium 
citrate, and hydroquinone as the reducing agent (Figure 1.3c).
42
 This technique can produce NPs 
with diameters of up to 200 nm.  
More recently, methods for producing non-spherical Au NPs have emerged.
43–48
 In 
particular, the our lab developed a method for a high shape yield wet chemical synthesis of gold 
nanorods (Au NRs) using the capping agent cetyltrimethylammonium bromide (CTAB) (Figure 
1.3b).
44
 In this procedure, small gold seeds are created by reducing HAuCl4 in the presence 
CTAB with sodium borohydride. These gold seeds are on average 1 nm in diameter, and are 




Figure 1.3 Graphical representations of the synthesis procedures for a) 12 nm citrate-coated gold 
nanospheres using methods developed Turkevich, b) citrate-coated gold nanospheres with 
diameters up to 200 nm with procedures developed by Chan and coworkers, and c) gold 
nanorods using our lab’s synthesis procedure.
32,42,44
 Final sphere size using Chan’s method is 
determined by the amount of 12 nm citrate gold nanospheres added (shown in italics), and final 
nanorod aspect ratio by our group’s method is controlled by varying the amount of silver nitrate 











Anisotropic growth is induced by the presence of AgNO3, which, by changing the amount added, 
can tune the aspect ratio of nanorods to be anywhere from 1 to 5. As with the case of citrate-
capped spherical Au NPs, CTAB-capped Au NRs are also stabilized by the repulsive charge 
interactions that cationic CTAB molecules at the surface of NRs provide.
51,52
 Though these 
reactions are generally carried out in batches, recent work in our group has allowed for 
reproducible scale-up of this synthesis by using a millifluidic reactor.
53
 Lohse et al. were able to 
repurpose the same system used in synthesis for purification and functionalization purposes, 
greatly reducing the time needed for the production of large quantities of Au NRs.  
Since the development of the bottom up procedure of Au NRs, there have been 
significant improvements to the process which allows for better shape control and greater 
monodispersity. For example, Zubarev and coworkers pioneered the synthesis of long Au NRs, 
which have an aspect ratio of up to 8 and an absorbance of up to 1200 nm.
54
 By substituting 
ascorbic acid with the weaker reducing hydroquinone, rod formation was slowed down, and 
resulted the formation of longer rods. They also showed an impressive near 100% conversion 
from gold ions to Au NRs with this particular synthesis. Murray and coworkers have also 
published improvements to the monodispersity of and shape control over Au NRs with different 
additives.
55,56
 Inclusion of aromatic additives in the growth solution allowed them to create 
monodisperse Au NR solutions that, when dried down, exhibited liquid crystalline packing.
55
 
Furthermore, by mixing sodium oleate and CTAB in the growth solution, they demonstrated the 
ability to synthesize Au NRs with diameters greater than 50 nm, which is more than twice the 
thickness that our procedure is able to achieve.
56
 The increased size gives rise to greater 
scattering and adsorption cross-sections, which can prove useful for various applications. 
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It is generally accepted that silver nitrate is responsible for directing anisotropic growth 
in these methods.
45,57
 However, there is no agreement on its specific role. Nikoobakht et al. 
attribute anisotropic growth to the change in charge density following the formation of Ag-Br, 
which in turn can reduce repulsive forces between neighboring CTAB molecules at the NR 
surface.
58
 In a similar vein, Hubert et al. points to the formation of a complex between CTAB 
and AgBr as an agent to direct rod growth.
59
 They observed Au NR growth when silver was 
introduced into the solution already complex with CTAB, and showed a greater yield than the 
traditional synthesis procedure. However, Jackson et al. showed using scanning transmission 
electron microscopy with an energy dispersive X-ray spectroscopy detector that silver can be 
found on all faces of the NR.
60
 This was the case in other rod-shaped NPs as well, such as nano 
‘dog bones’. Tong et al. observed using high resolution transmission electron microscopy the 
point at which Au seeds break their symmetry, and correlated this data with the silver to gold 
ratio in solution. They found that the seed crystal diameter must remain within 4 – 6 nm for rods 
to form, and that the crystal size is dependent upon the gold to silver ratio. Furthermore, they 
found no correlation between the final nanorod length and the gold to silver ratio. While silver is 
definitely an important aspect of Au NR synthesis, there also exists many other variables which 
can play a role in shaping the final outcome of Au NR solutions.
61
 Recent studies performed by 
our group using statistical analysis methods to quantify the effects of each component on Au NR 
size and shape found that silver is not the dominating factor in determining NR dimensions.
62
 
The results of these studies in combination with each other suggest that there is still a lack of 
agreement pertaining to the mechanisms NP growth, and that deeper understanding would be 




1.5 Modification of the Surface Chemistry of Gold Nanoparticles 
Many of the applications highlighted in the introduction are only possible through 
understanding and manipulating the surfaces of Au NPs. Knowledge of the as-synthesized 
chemical nature of an Au NP surface have led to the development of multiple approaches to tune 
the surface chemistry of Au NPs. For example, the majority of Au NPs synthesis procedure takes 
place in aqueous conditions; however, it may be advantageous to transfer the NPs to another 
polar solvent or phase that is not compatible with water while maintaining a well dispersed and 
stable colloidal suspension. The phase transfer of Au NPs to organic solvents has been achieved 
by manipulating the hydrophilicity of the nanoparticle surface through layer-by-layer 
polyelectrolyte wrapping, coating with hard inorganic shells (e.g. silica), and covalent 
modification through gold-thiol chemistry.
63–66
 In the following subsections, we discuss the 
multitude of methods for modifying the surface chemistry of Au NPs.
67
 Although this section 
was originally written as a review for the surface modification for Au NRs, the concepts 
presented can be applied on a broader basis to Au NPs of different shapes as well.  
1.5.1 Polyelectrolyte Coating 
One straightforward approach to modifying the surface employs the large positive charge 
of the CTAB bilayer by depositing charged polyelectrolytes (PE) on the Au NR surface. By 
alternatively adding PEs of opposite charge, e.g. negatively charged poly(sodiu m-4-
styrenesulfonate) (PSS) and positively charged poly(diallyldimethylammonium chloride) 
(PDADMAC), a layer-by-layer (LBL) assembly of PEs can be built to achieve polymer 
multilayers on the Au NR surface (Figure 1.4).
68
 Successful LBL assembly of PEs on gold 




Figure 1.4 a) Schematic diagram illustrating the Layer-by-Layer (LbL) coating process of gold 
nanorods. b) Visible spectra of gold nanorods as a function of polymer coatings: 1. Uncoated as-
prepared Au NR, 2. One polymer layer (PSS), 3. Two polymer layers (PSS + PDADMAC), 4. 
Three polymer layers (PSS + PDADMAC + PSS), 5. Four polymer layers (PSS + PDADMAC + 
PSS + PDADMAC). Curves are offset for clarity. c) Zeta potential data for gold nanorods as a 
function of polymer coatings. Common d) anionic (blue) and e) cationic (red) polyelectrolytes 
used for layer-by-layer assembly to achieve gold nanorod functionalization at pH 7. Panels a, b, 




weight. This is to screen intra- and inter-molecular electrostatic repulsions so that the 
polyelectrolytes are in a flexible, extended conformation for wrapping without causing 
flocculation due to insufficient electrostatic repulsion, lack of coating due to polymer rigidity, 
and multimer formation through polymer bridging between nanorods. Another key factor is 
sufficient time for the large polymer macromolecules to diffuse and wrap the gold nanorods; i.e., 
the coating process can be slow.  
One advantage of the LBL coating method, besides the simple procedure, is that the 
surface charge can be easily varied based on the choices of PE layers. Hauck et al. applied PSS, 
PDADMAC, and poly(allylamine hydrochloride) (PAH) to synthesize four different PE coated 
Au NRs with different charge, number of layers, and composition to test their effect on Au NR 
cellular uptake, toxicity, and gene expression.
69
 The tunable uptake and toxicity of PE wrapped 
Au NRs shows the advantage of this method in fine tuning Au NR properties for potential 
biomedical applications. Poly(acrylic acid) (PAA) and PAH coated Au NRs of varying aspect 
ratios have also been prepared for a cellular uptake study and found that the toxicity of Au NRs 
was significantly reduced after PE coating due to the covering up of CTAB.
70
 It has also been 




 Layer-by-layer polyelectrolyte Au NR surface functionalization allows for 
straightforward loading of molecules on or within the PE multilayers based on electrostatic 
interactions.  Ni et al. applied this method to load a positively-charged dye on PSS-coated Au 
NRs.
73
 Gandra et al. applied PEs as dielectric spacers on immobilized Au NRs and probed 
distance-dependent plasmon-enhanced fluorescence with a fluorophore adsorbed on the outer 
PAH layer.
74
 Similar small molecule loadings have also been done with organic chromophores to 
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study the Au NR surface plasmon enhancement of the molecule’s two photon absorption cross 
section and SERS probes for the observation of molecular diffusion within the PE layers.
75,76
 It 
has been shown that molecules electrostatically loaded within the multilayers can be released 
through a photothermal mechanism for a controllable release based on the number of PE layers.
77
 
Macromolecules such as antibodies have also been electrostatically attached to PEs or covalently 




1.5.2 Mesoporous Silica Coating 
Numerous reports exist on the synthesis and application of Au NRs coated with 
mesoporous silica.
64,80,81
 Silica coating can improve the colloidal and thermal stability of Au NPs 
in organic solvents while still preserving their unique optical properties.
64
 The presence of 
reactive silanol groups on a silica surface is highly useful for additional surface modification of 
gold nanorods with molecules such as the biocompatible polymer polyethylene glycol, loading of 
chemotherapeutic drugs, or for the attachment of targeting ligands for biological applications.
82,83
 
Also, silica can act as a dielectric layer to investigate distance-dependent molecular responses in 
fluorescence emission or Raman intensity near a plasmonic surface.
64,84
 Therefore, achievement 
of robust and reproducible silica shells on gold nanorods is a highly useful method of surface 
modification for gold nanorods. 
Mesoporous silica nanoparticles contain hexagonally ordered pores with uniform sizes, 
and the pores are typically 0.5 – 3 nm in diameter.
85
 The Stöber process is the basis for 
mesoporous silica coating on inorganic nanoparticles. Stöber was able to achieve controlled 
synthesis of silica spheres 0.05 – 2 μm in diameter through the hydrolysis and condensation of 
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tetraalkyl silicates at pH 11-12.
86,87
 Mesoporous silica is synthesized by reproducing the Stöber 
method in the presence of a surfactant, such as CTAB, which forms a template of ordered 
micelles.
88
 Nooney et al. proposed that mesoporous silica formation on gold nanoparticles occurs 
in three stages: (1) hydrolysis and condensation resulting in the formation of silica oligomers, (2) 
formation of primary silica/CTAB particles and (3) deposition of the primary particles on silica 
or CTAB.
89
 Therefore, parameters such as CTAB concentration, pH, and reaction temperature 
can be modified to control the mesopore structure and the size of nanoparticles formed.
88
 
Gorelikov et al. adapted the Stöber procedure, and were among the first to directly coat 
mesoporous silica onto aspect ratio 1 – 5 CTAB gold nanorods.
81
 In their procedure, NaOH is 
added to concentrated gold nanorods to adjust the pH to 11. This is followed by injections of 
tetraethylorthosilicate (TEOS) that polymerizes to form silica in a base-catalyzed reaction. With 
this simple method, they produced 15 nm thick silica shells. Furthermore, 60 nm thick non-
porous silica shells were prepared by injecting additional TEOS into the reaction solution after 
the initial coating. 
The controlled growth of mesoporous silica on gold is a complicated process because the 
silica shell morphology is dictated by the surfactant template and the CTAB/silica ratio. As a 
quaternary ammonium surfactant, CTAB exhibits concentration-dependent micelle behavior.
90
 
Our group has demonstrated that one of the most important parameters in mesoporous silica shell 
formation on gold nanorods is dependent on the external CTAB concentration.
64
 As-synthesized 
Au NRs are typically prepared in 0.1 M CTAB, but after purification via centrifugation and re-
suspension in water, the concentration of CTAB can vary. The critical micelle concentration 
(CMC) of CTAB is ~1 mM in pure water, two orders of magnitude lower in concentration than 
the original synthesis conditions.
91
 In our laboratory’s preparation, we carefully control the 
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CTAB concentration during silica coating. CTAB concentration is reduced via additional 
centrifugations and removal of the supernatant solution above the gold nanorod pellet. 
Subsequent adjustment with a known amount of CTAB, the pH, and the addition of TEOS 
resulted in the formation of mesoporous silica shells between 11 – 26 nm thick, depending on the 
external CTAB concentration present. By adjusting the CTAB concentration closer to the CMC 
(0.4 – 1.2 mM), we find it is possible to form mesoporous silica shells on gold nanorods.
64
 When 
the CTAB concentration is increased, more silica forms around free CTAB in solution and 
results in thinner silica shells on the gold nanorods. When the concentration of CTAB is much 
higher than the CMC silica only forms around free CTAB micelles and not the gold nanorods. 
Therefore, control of silica shell thickness is achieved by controlling CTAB concentration. In 
addition to shell thickness, it may also be possible to adjust reaction parameters to control the 
mesopore structure in mesoporous silica-coated gold nanorods.
88
 The porosity of mesoporous 
silica is dependent on a variety of factors, and there are a few examples of pore characterization 
on mesoporous silica-coated gold nanorods in the literature.
92–95
 However, as the nanorod 
dimensions and silica shell thicknesses vary in different systems, it is difficult to ascertain which 
synthesis parameters are the most critical to mesopore morphology. Nevertheless, these reports 
demonstrate that this modified Stöber process is quite versatile in controlling the morphology 
and thickness of mesoporous silica that can be formed on Au NRs. Further control over the 
growth of silica on Au NRs was demonstrated by Wang and coworkers, who reported site-
selective side and end mesoporous silica coating of gold nanorods (Figure 1.5).
96
 In their 
procedure, CTAB and TEOS are carefully controlled to allow the preferential deposition of silica 
on the nanorod ends. The addition of a PEG-thiol to selectively functionalize the nanorod ends 
allowed for the formation of side silica-coated nanorods. The ability to control silica shell 
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thickness as well as selective side/end deposition is especially useful when considering 
applications of silica-coated Au NRs. 
1.5.3 Thiol Modification 
Ligand exchange, depicted schematically in Figure 1.6Figure, is one of the most versatile 
methods used to tailor the surface chemistry of Au NRs. Importantly, the cytotoxicity of the 
CTAB used to make Au NRs makes ligand exchange especially useful when Au NRs are used 
for biological applications.
70
 While any ligand capable of displacing CTAB can be used for 
ligand exchange, alkanethiols are some of the most commonly used molecules for ligand 
exchanges on gold nanoparticles. Many factors affect ligand exchanges and contribute to the 
characteristics of the resulting mixture of ligands on the nanoparticle including ligand-surface 
interactions, ligand-ligand interactions, ligand-solvent interactions, and particle morphology,
 
but 
the relatively strong gold-thiolate bond (~44 kcal/mol) makes alkanethiols particularly useful for 
ligand exchanges.
97–99
 Gold-alkanethiolate self-assembled monolayers (SAMs) have been 
extensively studied on flat gold surfaces. On gold {111} surfaces, alkanethiolate SAMs 
chemisorb with a (√3x√3)R30˚ arrangement and a 28˚ cant angle.
100
 It is more difficult to 
directly measure the structure of alkanethiolate SAMs on gold nanoparticle surfaces, but the high 
curvature of gold nanoparticle surfaces likely allows greater flexibility at the distal ends of the 
alkanethiolate molecules. Experimental measurements indicate that the density of alkanethiolate 
molecules is greater on nanoparticles compared to flat surfaces and simulations suggest that the 
organization of SAMs on nanoparticle surfaces is dependent on particle shape.
101,102
 As has been 
reviewed elsewhere, thiolated molecules can be functionalized using a myriad of chemistries 
such that a host of biomolecules, dyes, reporters, and other molecules can be conjugated to gold 
nanorod surfaces through ligand exchange.
103




Figure 1.5 Routes of side and end silica coating as evidenced by metal overgrowth. a) Gold 
nanorod capped with a CTAB bilayer. b) Au NR coated with silica at the ends. c) Au NR 
overgrown with a metal on the side surface. d) Au NR bonded with PEG-SH at the ends. e) Au 
NR coated with silica on the side surface. f) Au NR overgrown with a metal at the ends. Adapted 
with permission ref 96. Copyright 2013 John Wiley and Sons. In (g) and (h) are TEM images 
showing Au NRs prepared in our laboratory following protocols adapted from ref 96 with silica 






Figure 1.6 A schematic representation of ligand exchange of CTAB for PEG-SH followed by 
the place exchange of PEG-SH for an alkanethiol. The reaction for the place exchange is also 
shown. Replacing CTAB with PEG-SH provides a facile means of transferring the Au NRs into 
an organic phase to functionalize the surface with RSH without causing particle aggregation. 




functionality to gold nanorods and stabilize them in many different solvents and systems made 
available via thiolate ligand exchange contribute to the tractability of nanorods for many 
different applications. 
The hydrophobic nature of many alkanethiols can present some challenges for 
performing successful ligand exchanges. The direct replacement of CTAB on Au NRs by 
thiolated ligands can often lead to the aggregation of the Au NRs. As discussed by Indrasekara et 
al., different strategies of ligand exchange such as one-pot ligand exchange, phase transfer, and 
solid phase ligand exchange have been developed to address the unique problems associated with 
the exchange of certain ligands for different applications.
104
 An effective method that has proven 
useful in our lab to address some of the challenges of functionalizing Au NRs with thiols 
involves functionalization of CTAB-capped Au NRs by poly(ethylene glycol) methyl ether thiol 
(PEG-SH) with a molecular weight of 1-10 kDa, phase transfer of the PEGylated Au NRs to a 
suitable solvent, and finally ligand exchange of the PEG-SH for the desired small molecule 
thiol.
105
 For the functionalization of Au NRs by PEG-SH, excess CTAB is removed (often by 
centrifugation) and then PEG-SH is added to the Au NRs in aqueous solution and given time to 
attach to the Au NR surface.
63
 The PEG-SH functionalized Au NRs can then be re-suspended in 
organic solvent after centrifugation. The phase transfer of PEG-SH functionalized Au NRs from 
an aqueous phase to an immiscible organic phase may also be accomplished by the mechanical 
force of centrifugation, or centrifugation may be avoided entirely through the use of a common 
solvent that is miscible in both the aqueous and organic phases.
65,106
 While small molecule thiols 
can serve to facilitate the phase transfer of Au NPs from aqueous to organic phase, it can be 
difficult to achieve without aggregation. As the exchange of CTAB for PEG-SH can be done in 
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the aqueous phase, it is often easier to use PEG-SH functionalized nanorods for the phase 
transfer without inducing aggregation.  
Once the Au NRs are in the organic phase, PEG-SH can then be exchanged for the 
thiolated ligand of choice. The dynamics of place exchange of thiolate ligands on gold 
nanoparticle surfaces with thiols in solution have been studied extensively and used to prepare 




H NMR study of 
the exchange of PEG-SH and small carboxy- and amine-terminated alkanethiols on Au NRs, 
Smith and coworkers found that the exchange of PEG-SH for the small molecule thiols was 
nearly complete but that the small molecule thiols demonstrated very little exchange with other 
ligands.
97
 They suggest that the PEG-SH molecules, because of their size and inter- and 
intramolecular interactions, form a less dense layer on the Au NRs surface. This leaves space for 
smaller thiolated ligands to bind to the Au NRs and form dense SAMs that displace PEG-SH, 
while Au NRs surfaces that are already functionalized with small thiolated ligands are not as 
readily accessible for ligand exchange on the gold surface. Furthermore, the work of Smith et al. 
also demonstrates that the addition of new ligands does not always result in ligand exchange but 
that it is also possible for new ligands to “backfill” instead, leading to mixed ligand systems.
97
 
While mixed ligand systems are well known to occur for self-assembled monolayers of 
alkanethiols on gold, it does highlight the importance for robust characterization methods when 
ligand exchange methods are used in the synthesis of nanostructures from gold nanoparticles. 
Similarly, the complete removal of CTAB via ligand exchange is often difficult to achieve due to 
the relatively strong chemisorption of CTAB to the surface of Au NRs. This is especially true for 
the aqueous PEG-SH functionalization of Au NRs. In a recent study, small angle neutron 
scattering measurements were used to show that after PEG-functionalization in aqueous solution 
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the CTAB bilayer is still largely intact, and mass spectrometry confirmed the presence of 
CTAB.
108
 Still, some ligand exchange protocols have been shown to remove CTAB below the 
limits of detection of NMR and XPS.
104
 Improved methods of characterization will better 
facilitate the quantification of residual CTAB, which will be necessary for developing better 
procedures for more thorough CTAB removal. 
The anisotropy of gold nanorods allows for unique possibilities for ligand exchange. 
Compared to the sides of the nanorods, the different crystal faces and the increased curvature on 
the ends of the nanorod present the opportunity to perform ligand exchange selectively on the 
ends. A number of studies have inferred selective functionalization of the ends of nanorods via 
thiol and disulfide ligand exchange.
109
 Factors contributing to the allegedly greater lability of the 
CTAB bilayer at the ends of gold nanorods compared to the sides that allows ligand exchange 
selectively at the ends may include differences in the packing CTAB at different crystal faces, 
and effects of increased curvature at the ends.
96,110,111
 Most of the evidence for end 
functionalization is indirect, verified mainly by TEM analysis showing the self-assembly of 
nanorods in an end-to-end configuration. This works because sample drying effects in non-end-
to-end functionalized Au NRs produces a random mixture of Au NRs with both end-to-end and 
side-by-side arrangements, with a preference for side-by-side due to a larger Van der Waals 




1.5.4 Further Covalent Modification of Existing Ligand Shells 
Modification of the Au NR surface can also be achieved through direct covalent 
attachment of ligands to existing ligands and polymers on the Au NR surface. For example, 
25 
 
many groups have functionalized Au NRs with an azide-terminated ligand, and used the copper-
mediated Huisgen cycloaddition to covalently attach proteins and other biomolecules to the Au 
NR using “click” chemistry. The first example of this was shown by Brust and coworkers and 
they report the covalent attachment of an acetylene-functionalized lipase to 14 nm gold 
nanospheres.
113
 Our lab has extrapolated this technique to Au NRs, wherein an acetylene-
modified trypsin protein was covalently attached to azide-Au NRs.
114
 However, it was also noted 
in the study that trypsin immobilized on Au NRs via this method did lose some biological 
activity when compared against free trypsin. 
Furthermore, polymer initiators containing a sulfur derivative functional group can also 
be placed on the Au NR for the purposes of altering the surface chemistry via polymer 
growth.
115,116
 Initiation of polymer growth on the surface of the Au NR reminiscent of the ATRP 
mediated graft-from technique yielded densely populated polymers which resulted in stable 
nanoparticle suspensions.
116,117
 For example, thermally-responsive Au NR complexes have been 
produced by grafting temperature sensitive polymers such as poly(N-isopropylacrylamide) 
(PNIPAAm) or poly(methoxy-oligo(ethylene glycol) methacrylate) (PMOEGMA) from initiators 
covalent bound to the surface of Au NRs.
118,119
 This technique was further extrapolated to Au 
NRs by Wei et al., wherein they substituted the as-synthesized CTAB bilayer for a temperature-
responsive polymer for the purposes of drug loading and delivery via the direct exposure of 
CTAB-coated Au NRs to the disulfide polymer initiator.
120
 
 Additionally, polyelectrolytes used in layer-by-layer wrapping can also participate in 
modifying the surface chemistry by anchoring additional ligands to the surface of Au NRs. For 
example, polyacrylic acid contains anionic carboxyl groups that can participate in 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) mediated carbodiimide chemistry; we have shown 
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covalent attachment of biomolecules including biotin and the protein trypsin through this 
particular pathway.
114,121
 In the case of trypsin, however, the activity of the protein was severely 
hindered when attached to the Au NR surface in this way. Compared to free trypsin, trypsin 
immobilized on an Au NR via a carbodiimide retained only 13% of its activity, suggesting that 
potential active sites may be sterically hindered, or the conformation of the protein may be 
affected upon immobilization such that the enzymatic activity is limited.
114
 For the purposes of 
attaching molecules with a specific active site or functional group, great care must be taken to 
ensure that the displayed orientation is desirable to the intended function, as it was shown that 
different methods of attaching trypsin to Au NRs has large effects on the protein’s activity.
114,121
  
1.6 Challenges Facing the Implementation of Gold Nanoparticles in their Applications 
While there have been many exciting possible applications which incorporate Au NPs in 
biological contexts, there still remain many obstacles to overcome before these technologies can 
reach fruition.
122–125
 Although gold itself is quite inert and relatively harmless to biological 
systems, it is very possible that chemical compounds existing on the surface of Au NPs can 
cause adverse cellular reactions, or even cell death.
124,126
 For example, citrate Au NPs were 
shown to negatively impact cell proliferation in human embryonic lung fibroblasts in vitro 
through causing DNA damage, as observed by Li et al.
127
 Also, genes associated with DNA 
repair and stability were affected by the presence of citrate Au NPs. Bhattacharya et al. saw a 
similar effect in myeloma cells when using Au NPs created by a similar sodium borohydride 
method.
128
 Grzincic et al. was able to characterize cell changes on a more specific level by 
analyzing RNA expression using microarrays.
71
 In their study, PC3 and HDF cells were exposed 
to NPs with various surface chemistries, and certain genetic pathways (proliferation and 
metabolism for HDF, inflammation and survival in PC3) were affected depending on the surface 
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chemistry of the NP. Surprisingly, certain surface chemistries seemingly had no effect on the cell 
gene expression, in particular citrate Au NPs. While seemingly in contrast to previous studies, 
Grzincic et al. used NPs with different core sizes and concentrations, suggesting that even the 
smallest details can affect changes when considering biological systems. Falagan-Lotsch et al. 
performed a 20 week long-term study on the differences in gene expression profiles of HDF cells 
between a single high-intensity exposure of Au NPs versus long term low dose exposures.
129
 
Data presented suggested that surface chemistry was a major determining factor for changes in 
gene expression, and that chronic exposure to low doses of citrate NPs seems to have a less 
dramatic effect on cells when compared to a single high dose. While exposure to NPs in these 
studies did not cause immediate cell death, it is difficult to predict how the changes in gene 
expression will affect the cell over longer periods of time.  
Another large challenge facing the application of Au NPs especially in biological systems 
is the issue of the protein corona. The term ‘protein corona’ was first coined by Dawson and 
coworkers to describe the proteins that associate around NPs when a NP is first introduced into 
biological media.
130,131
 There are upwards of 3,000 different proteins which have been identified 
in the human serum proteome, which come in all shapes and sizes: some are large while others 
are small, some are hydrophobic while others are hydrophilic, some are folded differently than 
others, etc. They are responsible for everything from catalyzing reactions to shuffling nutrients 
into cells, and is estimated to number in the millions in each mammalian cell.
132,133
 This presents 
an intricate and complicated system that will undoubtedly interact with engineered NPs that 
come into contact with it.
134
 A protein corona around a NP can be generally divided into the hard 
corona and soft corona. The hard protein corona associates with the NP through strong 
electrostatic interactions, while the soft corona is in constant equilibrium exchange with other 
28 
 
proteins in the environment. Both of these parts play a role in determining the cellular response 
to these NPs, and also the behavior of the NPs in biological systems.
130,131,135,136
 The implications 
of a protein corona are twofold: the protein corona blocks functionality on the surface of the NP, 
and the NP can induce structural changes to adsorbed proteins, potentially altering their native 
function (Figure 1.7).  
As the protein corona completely covers the surface of the NP, the cellular fate of the NP 
becomes more dependent on the protein corona than the actual NP surface chemistry.
137,138
 In 
fact, by applying multivariate models to the protein corona fingerprint, Walkey et al. were able 
to “predict cell association 50% more accurately than a model that uses parameters describing 
nanoparticle size, aggregation state, and surface charge.”
142
 Furthermore, Tenzer et al. have 
shown data that suggest multiple cell processes can be affected by the composition of the protein 
corona around NPs.
143
 Additioanlly, the protein corona has also been shown to change over time, 
and therefore cannot be properly represented by a simple core-shell model.
143–150
 A consequence 
of the phenomenon of the protein corona is that any targeting molecules placed on the NP for 
purposes of directing biodistribution is hidden, rendering it ineffective.
151,152
 A prime example of 
this scenario is reported by Salvati et al., in which transferrin-coated NPs that were exposed to 
biological media lost their targeting ability.
140
 The NPs used in this study not only failed to 
accumulate in the target cells, but also gathered inside cells which were unintended for the NPs. 
Another independent study done by Kirpotin et al. also showed the failure of surface targeting 
groups, as the incorporation of antibodies on liposomal NPs had no effect on their localization 
inside tumors.
153
 Similarly, Cirstoiu-Hapca et al. also found no correlation between the 
decoration of targeting antibodies on polymeric NPs and their accumulation in ovarian cancer 
cells.
154




Figure 1.7 Challenges surrounding the protein corona. a) The protein corona can generally be 
divided into a long-lived hard corona, and a fast-exchanging soft corona. The presence of these 
two layers has effects on b) the targeting ability of engineered NPs, as well as c) the 
conformation and structure of absorbed proteins. Figures are adapted with permission from a) ref 
139, b) ref 140, and c) ref 141. Copyright a) 2015 Royal Society of Chemistry, b) 2013 Nature 
Publishing Group, and c) 2012 American Chemical Society.  
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covering targeting molecules on NPs. Chan and coworkers were able to backfill Au NPs with 
polyethylene glycol to lessen the overall adsorption of the protein corona, which allowed the Au 
NPs to regain some targeting abilities.
155
 Similarly, Larson et al. incorporated a hydrophobic 
‘shield’ into their PEG coating of Au NPs, which proved to be effective in reducing protein 
adsorption.
156
 However, they discovered that uptake by macrophage cells is directly linked with 
protein adsorption onto the Au NP surface, and that incorporating the hydrophobic protective 
layer essentially negated NP uptake by macrophages.  
Another potential concern is the disruption of a protein’s function when adsorbed to a 
NP.
157,158
 As a protein adsorbs onto a foreign surface, its structure and conformation are 
susceptible to change, which could hinder or impede its native function.
141,159,160
 Our group has 
demonstrated that the activity of the enzyme trypsin is affected depending on the method used 
for attachment to Au NRs, which can potentially reduce up to 77% of trypsin’s original 
activity.
114
 As proteins make up a large portion of the cell, and are responsible for the majority of 
cellular functions, any changes in protein activity or structure can potentially have disastrous 
effects on biological systems.  
Many of the aforementioned technologies are developed in controlled environments, and 
not subject to the complex environment presented by live tissues and organs. If these 
technologies are to be applied in biological or medicinal contexts, the base level interactions 
between proteins and nanomaterials must be better understood.
124,139
 Furthermore, building 
predictive knowledge library of the behavior of serum proteins in the presence of nanomaterials 
will aid in the further development of newer and more efficient technologies. To this point, this 
thesis explores the interactions of proteins with NPs exhibiting different surface chemistries, and 




Figure 1.8 (cont.) 
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Figure 1.8 “Scratching the Surface of Gold Nanorod Functionalization”, by Wayne Lin. The 
cover art is a graphical representation of gold nanorods (Au NRs) with different surface 
chemistries, including polymer wrapping and silica shell functionalization. Au NRs have been of 
great interest in the past decade given their application in a wide variety of fields, such as 
photothermal therapy and biological sensing. To realize the full potential of Au NRs in these 
contexts, the surface chemistry must be finely tuned to meet the needs of any particular system. 
For more information, see: Burrows, N. D.; Lin, W.; Hinman, J. G.; Dennison, J. M.; Vartanian, 
A. M.; Abadeer, N. S.; Grzincic, E. M.; Jacob, L. M.; Li, J.; Murphy, C. J. Surface Chemistry of 




1.7 Thesis Overview 
The main emphasis of this thesis is on the surface chemistry of gold nanoparticles as it 
relates to protein adsorption. Additionally, the effect of surface chemistry onto the deposition of 
NPs onto textured substrates is also explored. Each of the following chapters will describe 
projects that modulate NP surface chemistry either to act as a platform to study adsorption or to 
gain insight into how it affects NP behavior.  
Chapter 2 discusses the underlying thermodynamics of protein adsorption to Au NRs, and 
how Le Chatelier’s Principle can be applied in this context. The surface chemistry of Au NRs are 
adjusted such that there will be either exothermic or endothermic interactions with certain 
proteins, which can be controllably adsorbed or desorbed from the surface of the Au NRs. It is 
also shown that the same trend holds up even in complex environments. 
Chapter 3 introduces α-synuclein (α-syn), a protein that is heavily associated with the 
development of Parkinson’s disease. α-Syn is adsorbed to Au NPs with differing surface 
chemistries, and its conformation and binding orientation is investigated with a variety of 
techniques such as nuclear magnetic resonance (NMR), light scattering, and molecular dynamics 
simulations. These orthogonal techniques arrive at the same conclusion that α-syn’s binding 
orientation can be controlled through modulation of the surface chemistry of Au NPs. This 
Chapter was written in collaboration with the Rienstra research group at UIUC (Department of 
Chemistry), as well as the Král research group at UIC (Department of Chemistry).  
Chapter 4 continues the discussion on α-syn, and uses the Au NP as an adsorption 
platform to study α-syn’s behavior in the presence of anionic lipid mimics of different sizes. 
SDS-coated Au NPs that have an architecture resembling biological phospholipids are created in 
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different sizes to show the effect of the radius of curvature on protein binding. Furthermore, two 
relevant mutants of α-syn (A30P, E46K) are also used in this chapter to show the effect of point 
mutations in the binding of α-syn to SDS-Au NPs. These studies were done in collaboration with 
the Rienstra research group at UIUC (Department of Chemistry). 
Lastly, Chapter 5 explores the effect of surface chemistry on the deposition Au NPs onto 
2D materials. Substrates containing well-defined crumples on a size range similar to that of Au 
NPs are used as a platform to characterize the deposition of Au NPs onto a textured surface. 
Factors affecting NP deposition (such as NP shape and concentration) were identified and varied 
to show control over specific variables. This chapter’s work was done in collaboration with 
Michael Cai Wang, a doctoral student in the Nam research group at UIUC (Department of 
Mechanical Engineering).  
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LE CHATELIER’S PRINCIPLE ON THE 
NANOSCALE 
2.1 Abstract  
The protein corona formed when nanomaterials are introduced to biological systems is 
instrumental in deciding the overall fate of the nanomaterial. Understanding how to manipulate 
the composition of a protein corona remains a challenge. In this study, we use simple 
thermodynamic models to describe protein adsorption behavior onto gold nanoparticles, and 
demonstrate that Le Chatelier’s Principle can be applied to predict protein adsorption or 
desorption on nanomaterial surfaces. Polyelectrolyte-wrapped gold nanorods were used as 
adsorption platforms for bovine serum albumin and lysozyme, which we were able to 
adsorb/desorb from the nanorod surface depending on the thermodynamics of their interactions. 
Furthermore, we show that the behaviors hold up under more complex biological environments 
such as fetal bovine serum. 
2.2 Introduction 
The protein corona describes the complexation of proteins around a nanoparticle when 
the nanoparticle enters biological media, and was first studied by Dawson and coworkers in 
2007.
1
 In the field of drug delivery and nanoparticle therapeutics, the protein corona is an 





 As such, there has been much work done to characterize the protein 
corona, and how it affects the way which nanoparticles are processed by biological systems.
3–6
  
Gold nanoparticles (Au NPs) have emerged as a top candidate for numerous applications, 
such as photothermal therapy and drug delivery, given their chemical inertness towards 
biological processes.
7–11
 Au NPs also present a readily modifiable surface, as sulfur compounds 
can be decorated around the NP with ease, allowing the precise tuning of NP surface 
chemistry.
12–14
 Furthermore, Au NPs exhibit strong interactions with light, allowing for enhanced 
scattering or rapid heating by tuning NP dimensions and laser wavelength.
15
 Au NPs also 
experience the same phenomenon of being coated by a protein corona upon entering biological 
media.
16
 As such, the protein corona around Au NPs has also been studied and quantified, 




In this study, we use Le Chatelier’s Principle as a model to describe the adsorption and 
desorption of proteins to the surface of Au NPs.
19
 We take advantage of the plasmon resonance 
of Au NPs to induce heating for the purposes of upsetting equilibrium. Through this, we observe 
the behavior of certain protein/polyelectrolyte pairs that have been previously identified to 
exhibit specific thermodynamic behaviors. Previously, the vast majority of studies utilizing 
plasmonic heating have described the release of molecules from the NP surface; however, we 
identify systems in which release of adsorbed molecules is not always favored, and explain these 
behaviors using Le Chatelier’s Principle.
20–24
 Our studies demonstrate good predictability over 
protein adsorption and desorption depending on the thermodynamics of the 
protein/polyelectrolyte pair.  
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2.3 Materials and Methods  
All chemicals used in nanoparticle synthesis and functionalization (chloroauric acid, 
trisodium citrate, cetyltrimethylammonium bromide, silver nitrate, sodium borohydride, 
hydroquinone, poly(allylamine hydrochloride), poly(vinyl sulfonate)) were purchased from 
Sigma Aldrich and used without further purification. Lysozyme from chicken egg white was also 
purchased from Sigma Aldrich, and bovine serum albumin was purchased from Santa Cruz 
Biotechnology, Inc. Rhodamine B-tagged lysozyme (RB-LYS) was purchased from Nanocs. 
Nanoparticle concentrations were determined by measuring optical absorbance using a Cary 
5000 UV-Vis-NIR spectrophotometer. Isothermal Titration Calorimetry (ITC) titrations were 
performed on a NanoITC, by TA Instruments, and fluorescence spectra were taken with a Cary 
Eclipse Fluorescence Spectrophotometer 
2.3.1 Synthesis of Citrate Coated Nanospheres 
20 nm citrate-coated gold nanospheres (Au NSs) were synthesized according to the 
Turkevich method.
25
 Briefly, a solution of 97.5 mL of H2O and 2.5 mL of 0.01 M HAuCl4 was 
stirred and brought to a rolling boil. Then, 2 mL of 5 % wt solution of sodium citrate was added 
to begin the reduction process, and the solution was allowed to boil for 30 minutes. After 30 
minutes, the heat was turned off, and the NPs were washed via centrifugation for 20 minutes at 
8,000 rcf. 
2.3.2 Synthesis of Gold Nanorods 
Gold nanorods (Au NRs) were synthesized using methods published by Zubarev and 
coworkers.
26
 Briefly, a seed solution was made by adding 0.46 mL of 0.01 M NaBH4 in 0.01 M 
NaOH was added to a solution containing 0.5 mL of 0.01 M HAuCl4 and 9.5 mL of 0.1 M 
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CTAB. Next, a growth solution consisting of 9.5 mL of 0.1 M CTAB, 0.5 mL of 0.01 M 
HAuCl4, and between 10-50 μL of 0.1 M AgNO3 was prepared, to which 160 μL of seeds were 
added.  The solutions were stored overnight to allow growth to reach completion, and cleaned 
via centrifugation for 20 minutes at 4,500 rcf. 
2.3.3 Polyelectrolyte Wrapping of Gold Nanoparticles 
Polyelectrolyte wrapping of nanoparticles was performed after one round of washing. 10 
mL of 0.5 nM nanorods or 1 nM nanospheres was incubated with 1 mL of 0.01 M NaCl and 2 
mL of 10 mg/mL poly(allylamine hydrochloride) (PAH) or poly(vinyl sulfate) (PVS), depending 
on the surface charge of the nanoparticle. The solutions were incubated overnight before removal 
of excess reactants via centrifugation under previously reported conditions.  
2.3.4 Isothermal Titration Calorimetry 
In all ITC experiments, the protein was loaded in the syringe as the titrant, and the 
polyelectrolytes/polyelectrolyte-wrapped nanoparticles were contained in the cell as the titrand. 
The titrand was kept in excess to avoid aggregation (polyelectrolyte concentration was at least 5 
mg/mL, and polyelectrolyte-wrapped NR concentration was at least 14 nM), while the protein 
concentration in the syringe was 300 μM for titrations into polyelectrolyte solutions and 60 μM 
for titrations to Au NRs. A set of titrations consisted of 1 injection of 0.48 μL, followed by 24 






2.3.5 Quantification of Protein Concentration in the Supernatant 
Protein content was quantified using fluorescence measurements and the Micro BCA™ 
Protein Assay Kit (ThermoFisher, Catalog number: 23235). Following laser irradiation for 5 
minutes or water bath heating at 35 °C for 5 minutes, NP solutions were centrifuged for 5 min at 
7,000 rcf, and the top 80 μL was removed and diluted to 680 μL for analysis. 650 μL of protein 
solutions were used for fluorescence measurements, and 500 μL of protein solutions were used 
for the Micro BCA™ Assay. For fluorescence measurements of unlabeled protein, the excitation 
wavelength was set at 280 nm, and emission spectra were collected from 300-400 nm. To 
measure the fluorescence of Rhodamine B labeled proteins, the excitation was set at 540 nm, and 
the emission spectra collected from 545 to 645 nm. 
2.4 Results 
In an endothermic reaction, heat is supplied to the reactants in order to form the products, 
while the opposite is true of an exothermic reaction. If heat is added to an endothermic reaction 
at equilibrium, according to Le Chatelier’s Principle, the reaction should proceed to favor the 
formation of products. On the other hand, if heat is supplied to an exothermic reaction, 
regeneration of reactants should happen instead. Therefore, in the context of Le Chatelier’s 
Principle applied to photothermal heating, we investigated the interactions of bovine serum 
albumin (BSA) and lysozyme (LYS) in the presence of either poly(allylamine hydrochloride) 
(PAH) or poly(vinyl sulfonate) (PVS) gold nanorods (Au NRs) to represent endothermic and 
exothermic systems. Au NRs solutions with a plasmon peak that overlapped the 808 nm laser 
wavelength were synthesized using a method developed by Zubarev and coworkers. Laser 
irradiation of a 0.1 nM solution of Au NRs resulted in an increase of temperature to 
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approximately 36 °C after 10 minutes (Figure 2.1). Protein and polyelectrolyte pairs 
(exothermic: BSA+PAH; endothermic: LYS+PVS) were selected based on previous studies that 
quantified the thermodynamics of their interactions. Isothermal Titration Calorimetry (ITC) was 
used to confirm the endothermic/exothermic behavior of BSA+PAH and LYS+PVS (Figure 2.2). 
Furthermore, we determined that the wrapping of a polyelectrolyte around a NR does not change 
the thermodynamics of its interactions with proteins (Figure 2.3). Given these observations, we 
can make predictions on the behavior of systems using Le Chatelier’s Principle as applied to 
proteins and nanoparticles, which are summarized in Scheme 2.1. From the ITC titration data, we 
were also able to estimate an average ΔH for each system by noting the amount of heat 
release/absorbed with each injection of protein. For the addition of BSA to PAH NRs, we 
calculate that ΔH = 3.22 kJ/mol, and when LYS was added to PVS NRs, ΔH = -10.25 kJ/mol. As 
Au NRs are in excess under the ITC experimental conditions, ΔH values are represented by 
moles of protein. Comparatively, previous studies have calculated the ΔH for the interactions 
between BSA and PAH to be 400 kJ/mol, and -63.6 kJ/mol for LYS and PVS.
27,28
 
As the interaction between BSA and PAH NRs is endothermic, we expect that upon 
plasmonic heating, the system should favor complexation between BSA and PAH NRs. To 
observe this effect, BSA coated PAH NRs were subjected to 808 nm laser irradiation, and the 
amount of free BSA after removal of NPs by centrifugation was quantified using the 
fluorescence intensities as well as the BCA assay (Figure 2.4). These concentrations were 
compared to samples consisting of BSA coated PAH NRs not exposed to laser irradiation. In at 
least five independent non-irradiated samples, the amount of free BSA remaining after removal 
of NRs was 0.374 ± 0.002 μM. However, in the samples exposed to laser irradiation, the amount 




Figure 2.1 Plot of temperature as a function of time as 100 μL of 0.1 nM CTAB Au NRs are 
subjected to irradiation by an 808 nm laser tuned to 0.5 W/cm
2
. The laser spot size is 0.75 cm
2
, 





Figure 2.2 ITC titration curves of a) 613 μM BSA to 10 mg/mL PAH and b) 535 μM LYS to 10 
mg/mL PVS. a) BSA/PAH represent the endothermic system, and b) LYS/PVS represent the 





Figure 2.3 ITC titration curves of a) 60 μM BSA to 14 nM PAH and b) 60 μM LYS to 14 nM 
PVS wrapped Au NRs. a) BSA/PAH represent the endothermic system, and b) LYS/PVS 








Scheme 2.1 Representation denoting the expected behavior of proteins on nanoparticle surfaces 
given the measured thermodynamics of the system. The behavior is tested by measuring the 
protein concentration in the supernatant following centrifugation. Endothermic reactions favor 
the complex upon addition of heat and will contain less protein in the supernatant, while 






Figure 2.4 a) Representative fluorescence measurements of the supernatant of BSA-PAH NRs, 
an endothermic system. The blue spectrum is exposed to laser irradiation, the red spectrum is 
not. b) Percentage of protein remaining in the supernatant as calculated by integrating the area 
under the fluorescence curves from 300 nm to 400 nm. The sample not exposed to irradiation 




irradiated sample. Calculation of protein concentration using the BCA assay showed the same 
trend, with the amount of BSA found in the supernatants of laser irradiated samples being only 
50% of the samples not exposed to irradiation. In this endothermic system, more BSA was bound 
to the NRs after laser irradiation compared to samples which were not exposed to laser 
irradiation.  
According to Le Chatelier’s Principle, the behavior of an exothermic system should be 
opposite to our observations of an endothermic system, in that heat supplied to the system should 
drive the reaction towards formation of the reactants (de-complexation of LYS and PVS NRs). 
Using the same laser wavelength for plasmon excitation, we monitored the concentrations of 
LYS in the supernatant with and without exposure to laser irradiation (Figure 2.5). In the 
LYS/PVS NR solutions not exposed to laser irradiation, we observed a LYS concentration in the 
supernatant of 1.47 ± 0.078 μM of LYS, while in the samples exposed to laser irradiation there 
was a LYS concentration in the supernatant of 1.82 ± 0.034 μM. This represents a 125% increase 
in LYS concentration in the supernatant when the exothermic complex is exposed to laser 
irradiation. Quantification of the supernatant LYS concentration using the BCA assay produced a 
similar result, which showed an increase in LYS concentration by 130% in samples exposed to 
laser irradiation. This exothermic pair showed the release of LYS from the NP surface, 
synonymous with the system shifting its equilibria away from complexation as heat is applied. 
Gold nanospheres (Au NSs) exhibiting the appropriate surface chemistries were created 
as a control experiment to highlight the importance of using an on-resonant laser wavelength. As 
the plasmon absorbance peak of Au NSs is significantly shifted away from the laser wavelength, 
we expect minimal heating to occur, and therefore should not observe the same thermodynamic 




Figure 2.5 a) Representative fluorescence measurements of the supernatant of LYS-PVS NRs, 
an exothermic system. The sample not exposed to laser is represented in red, while the laser 
irradiated sample is shown in blue. b) Percentage of protein remaining in the supernatant as 
calculated by integrating the area under the fluorescence curves from 300 nm to 400 nm. The 





Figure 2.6 a) Absorbance spectrum of 20 nm Au NSs. The 808 nm laser wavelength is marked 
with a red dashed line. Percentage of protein remaining in the supernatant of the b) endothermic 
system BSA/PAH NSs and c) the exothermic system LYS/PVS NSs as calculated by integrating 
the area under the fluorescence curves from 300 nm to 400 nm. The samples not exposed to 
irradiation was set to 100%. 
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were irradiated with an 808 nm laser, we found that 0.367 ± 0.004 μM of BSA remained as free 
protein after centrifugation, as compared to 0.377 ± 0.003 μM of BSA in the non-irradiated 
sample (Figure 2.6). Additionally, when the same experiment was repeated on LYS-PVS Au 
NSs, there were 1.06 ± 0.004 μM of LYS remaining as free protein following laser irradiation, as 
compared to 0.90 ± 0.08 μM in the non-irradiated sample. However, when a water bath was used 
to heat the solutions, the amount of free protein in the BSA-PAH Au NSs solution decreased to 
0.307 ± 0.001 μM BSA, and the amount of free protein in the LYS-PVS Au NSs sample 
increased to 1.147 ± 0.029 μM LYS (Figure 2.6). In the case of BSA-PAH Au NSs, heating with 
the water bath resulted in 81% of the original protein concentration remaining in solution, while 
in the case of LYS-PVS Au NSs, heating with the water bath resulted in an increase of the 
original protein concentration of 127%. These percentages are calculated with respect to samples 
not exposed to laser irradiation. Measurement of the protein content in the supernatant using the 
BCA assay yielded similar results: in BSA-PAH Au NS samples, only 90% of the original 
protein content was observed, while in LYS-PVS Au NS samples, we observed 120% of the 
original protein content.  
To demonstrate this effect in an environment more similar to that which would be found 
in vivo, fluorescently labeled-LYS was adsorbed to PVS NRs and incubated in 10% fetal bovine 
serum (FBS) (Scheme 2.2). The area under the fluorescence curve (at the excitation and emission 
of RB) of the supernatant was calculated as a representation of the amount of RB-LYS released 
from the nanoparticle. In the samples not exposed to laser, we calculated a concentration of RB-
LYS of 0.379 ± 0.006 μM using the area under the curve (Figure 2.7). Meanwhile, the 





Scheme 2.2 Scheme of expected RB-LYS behavior when attached to PVS Au NRs and 
incubated in FBS given previous observations. As exothermic systems were shown to favor 
dissociation upon plasmonic irradiation, we expect there to be a higher presence of RB-LYS in 




Figure 2.7 a) Representative fluorescence measurements of the supernatant of RB-LYS coated 
PVS NRs incubated in FBS (Red: no irradiation, Blue: laser irradiation). The excitation 
wavelength was 540 nm, and the emission as scanned from 545 nm to 645 nm. b) Percentage of 
protein remaining in the supernatant as calculated by integrating from 550 nm to 645 nm. The 




0.551 ± 0.003 μM. A similar result was achieved when the system was heated using a water bath 
instead of laser irradiation (Figure 2.8), with a concentration of RB-LYS in the supernatant of 
0.566 ± 0.008 μM. Monitoring of the heats absorbed and released by titrating FBS to PVS NRs 
using ITC showed no significant thermodynamic behavior (Figure 2.9).  
2.5 Discussion 
The systems selected for these experiments were based on previous work. Through their 
study of the complexation of protein bovine serum albumin (BSA) and the cationic 
polyelectrolyte poly(allylamine hydrochloride) (PAH), Schaaf and coworkers noted a binding 
enthalpy between BSA and PAH of 400 kJ/mol.
27
 On the other hand, Romanini et al. calculated 
the binding enthalpy of the protein lysozyme to the anionic polyelectrolyte poly(vinyl sulfonic 
acid) (PVS) to be -63.6 kJ/mol.
28
 We note that the ΔH values for the interactions between 
proteins and polyelectrolytes wrapped around NRs (BSA/PAH NRs, ΔH = 3.22 kJ/mol,; 
LYS/PVS NRs, ΔH = -10.25 kJ/mol) are significantly lower than these previously reported 
values. This could be caused by the fixation of polyelectrolytes to a surface, which can affect 
molecular binding and interactions. By using molecular dynamics simulations, non-covalent 
affinities between generic representations of polymers were shown to increase upon expanding 
the flexibility of flexible molecules.
29
 Furthermore, Monte Carlo simulations revealed stronger 
binding of counterions as the rigidness of charged oligomers was decreased.
30
 Both of these 
systems can be extrapolated to represent protein and polyelectrolyte interactions, and points to 
the fixation of polyelectrolytes around a NP as a possible reason for the observed decrease in 




Figure 2.8 a) Representative fluorescence measurements of the supernatant of RB-LYS coated 
PVS NRs incubated in FBS (Red: no irradiation, Green: water bath). The excitation wavelength 
was 540 nm, and the emission as scanned from 545 nm to 645 nm. b) Percentage of protein 
remaining in the supernatant as calculated by integrating from 550 nm to 645 nm. The sample 





Figure 2.9 ITC titration curve of 2% fetal bovine serum (FBS) to 10 nM PVS Au NRs, shown on 
the same scale as Figure 2.4 (proteins titrated to polyelectrolyte-wrapped NRs). As FBS contains 
a myriad of proteins, we do not expect any prominent thermodynamic behavior from this 




In an endothermic system, heat is required as a reactant to evolve the reaction, so it is 
listed on the reactants side of the equation. Having shown that the complexation of BSA and 
PAH is an endothermic reaction, we can show the general interactions with the equation: 
𝐵𝑆𝐴 + 𝑃𝐴𝐻 +  𝛥 → 𝐵𝑆𝐴/𝑃𝐴𝐻 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 
Having also shown that the thermodynamics of the complexation of proteins and 
polyelectrolytes does not change upon wrapping the polyelectrolyte on a nanoparticle, we chose 
to use the strong light absorption of Au NRs as an external heat source to upset the equilibrium 
of the system. When heat is added, the equilibrium will shift to favor the products side, or in this 
case, the BSA/PAH complex. This means that the amount of free BSA in the supernatant after 
removal of NRs via centrifugation should decrease when compared to the sample that was not 
irradiated, which is exactly what is observed through fluorescence measurements and BCA 
protein assays.  
To further show the effects of Le Chatelier’s Principle on the nanoscale, the interaction of 
LYS and PVS NRs was used as the exothermic model. In direct contrast to an endothermic 
system, the evolution of an exothermic reaction releases heat, which then allows us to write the 
reaction: 
𝐿𝑌𝑆 + 𝑃𝑉𝑆 → 𝐿𝑌𝑆/𝑃𝑉𝑆 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 + ∆ 
Application of heat to this system will drive the reaction towards the products side, 
effectively releasing bound protein from the surface of the nanoparticle. Integration of 
fluorescence curves as well as results from the BCA assay agree show increased concentrations 
of free protein in the supernatant, in agreement with how an exothermic system would behave.   
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Au NSs were picked as an additional control condition due to their plasmon resonance 
being at roughly 520 nm. This is significantly shifted away from the 808 nm such that there will 
be minimal absorption of the laser by Au NSs, thereby removing heating effects from laser 
adsorption. Indeed, we see that when comparing unbound protein concentrations in the 
supernatant in both endothermic and exothermic samples, there is little difference in the 
fluorescence intensities between the irradiated and non-irradiated sample. The small differences 
observed due to minor agglomeration and other inherent absorption effects that protein/NP 
complexes exhibit throughout the visible and IR wavelengths. However, these absorption values 
are negligible when compared to an on-resonant particle, which is further highlighted when a 
water bath is used to demonstrate the importance of correctly tuning the plasmon resonance. 
When a water bath is used to heat the sample to 35 °C for 5 minutes, the effects of Le Chatelier’s 
Principle can be seen on NPs of different physical dimensions. This would suggest that in terms 
of the thermodynamics of protein adsorption, the surface chemistry plays a more important role 
than the shape or size of the particle.  
It has been previously shown by Suslick and coworkers that plasmonic heating induced 
by laser irradiation changes the content of the protein corona, which can in turn change the fate 
of NPs.
31
 In their study, CTAB-coated Au NRs were incubated in 10% FBS and the NRs were 
subjected to irradiation. By using liquid chromatography methods in conjunction with mass 
spectrometry, they were able to determine that following laser heating, there were significant 
changes to the composition of the protein corona. While FBS presents a complex systems with 
no clear thermodynamic behavior when incubated with PVS NRs, our observations of the release 
of RB-LYS from the PVS NR surface even when incubated in LYS suggests that the concepts 
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presented in this work could be used to describe and predict specific interactions in complex 
systems.  
2.6 Conclusion 
In this study, we have shown that Le Chatelier’s Principle can be applied on the 
nanoscale to describe the interactions between proteins and nanoparticles. We have managed to 
predict and control adsorption and desorption of specific proteins to polyelectrolyte-wrapped Au 
NPs be using a laser to induce plasmonic heating based on Le Chatelier’s Principle. Additionally, 
we show that these simple models remain applicable even in a complex environment such as 
fetal bovine serum.  Our observations present potential methods to control the composition of the 
protein corona using simple concepts to model and predict protein behavior. The concepts 
presented here can be expanded in the future to include a broader range of proteins and 
biomolecules in order to advance the manipulation of the protein corona for nanoparticle 
therapeutic purposes. 
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CONTROL OF PROTEIN ORIENTATION ON 
GOLD NANOPARTICLES2 
3.1 Abstract 
Gold nanoparticles (Au NPs) have attracted much attention due to their potential 
applications in nano-medicine. While numerous studies have quantified biomolecular adsorption 
to Au NPs in terms of equilibrium binding constants, far less is known about biomolecular 
orientation on nanoparticle surfaces. In this study, the binding of the protein α-synuclein to 
citrate and (16-mercaptohexadecyl) trimethylammonium bromide (MTAB) coated 12 nm Au 
NPs is examined by heteronuclear single quantum coherence NMR spectroscopy to provide site-
specific measurements of protein-nanoparticle binding. Molecular dynamics simulations support 
the orientation assignments, which show N-terminus binding to the Au NP for citrate-capped 
NPs, and C-terminus binding for the MTAB-capped NPs. 
3.2 Introduction  
Gold nanoparticles (Au NPs) have optical and electronic properties conducive toward 




, and photothermal 
therapy.
3–8
 The surface chemistry of Au NPs can be modified to meet specific needs and 
                                                          
2Adapted and reprinted with permission from Lin, W.; Insley, T.; Tuttle, M. D.; Zhu, L.; 
Berthold, D. A.; Král, P.; Rienstra, C. M.; Murphy, C. J. Control of Protein Orientation on Gold 




requirements, such as managing cellular uptake, cytotoxicity, and providing targeting 
capabilities.
9–14
 Previous work has shown that protein orientation on gold nanoparticle surfaces 
can modulate protein activity, and can be used as a conformation-specific antigen to raise 
antibodies to cytotoxic oligomeric intermediates implicated in neurodegenerative diseases.
15,16
 
Understanding the fundamental aspects of protein adsorption to nanoscale curved surfaces is an 
integral part of predicting the impact of NPs on biological systems.  
α-Synuclein (α-syn) is a protein that is highly localized in the presynaptic termini of 
human brains.
17
 It belongs to the synuclein family of proteins, along with β and γ synuclein, and 
consists of 140 amino acid residues.
18
 α-Syn is an intrinsically disordered protein in aqueous 
solutions with an atypical charge distribution; its N terminus is cationic and its C terminus is 
anionic at physiological pH.
19
  a-Synuclein’s conformation depends upon chemical 
environment.
20
 For example, it has been shown that α-syn binds to anionic lipid micelles and 
vesicles, via its N-terminus and seven imperfect Lys-Thr-Lys-Glu-Gly-Val motifs, adopting an 
α-helical secondary structure.
21–27
 In the presence of polyamines such as putrescine and 
spermidine, α-syn shows β-sheet character, which is highly indicative of the aggregation states of 
amyloid proteins.
28
 α-Syn has also been shown to have affinity for cationic metal ions such as 
copper(II) to its C-terminal domain, owing to the high density of acidic amino acids.
29–31
 The 
aggregation of α-synuclein is a hallmark feature of Parkinson’s disease, dementia with Lewy 
bodies, and other neuronal afflictions.
32–34
 Thus, there is great interest in measuring the 
conformation and aggregation state of α-syn as a function of environment and developing a 
detailed atomic-level understanding of these binding events.
35,36
 
In previous work from our lab, the binding of micromolar concentrations of α-syn to ~0.1 
- 1 nM anionic citrate-coated 20 nm Au NPs was extensively studied.
37
 Protein adsorption 
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isotherms were measured via optical spectroscopic titrations, and a laborious trypsin 
digestion/mass spectrometry method was developed in order to gain information about bound 
protein orientation.
37
 Observed peptide fragments indicated that the C-terminus was more 
available for digestion, suggesting that α-syn bound to citrate-capped Au NPs via its N-terminus. 
Analogous experiments were undertaken to examine the interaction of α-syn with cationic 
poly(allylamine) hydrochloride (PAH) coated 20 nm Au NPs.
38
 In contrast to the citrate-coated 
Au NPs, PAH Au NPs experienced severe agglomeration upon interaction with α-syn, forming 
webs of entangled nanoparticles and proteins that seemed to indicate seeded beta sheet formation 
in solution. The effects of agglomeration were reflected in the UV-Vis spectra as massive red-
shifts of the plasmon peak, preventing a proper fit to adsorption isotherms. This observation is 
consistent with the result of the coupling of plasmon resonances when noble metal nanoparticles 
are close in proximity.
39
 These previous results suggested that cationic nanoparticles, in general, 
might promote α-syn aggregation. 
Aggregation effects often present an enormous obstacle to studying the interactions of 
ligands to nanomaterials. Especially in the case of agglomerated plasmonic nanoparticles, not 
only are optical techniques invalid due to inter-particle effects as described earlier, physical 
changes to the sample itself (such as settling) impede the ability to properly perform analytical 
measurements (Scheme 3.1). However, electrostatic forces are not the only factor in mediating 
protein-nanomaterial interactions; previous studies have shown that NPs with similarly charged 
coatings elicit different cellular responses, further emphasizing the importance of surface 
chemistry.
40
 We find that a recently-synthesized cationic ligand, (16-mercaptohexadecyl) 





Scheme 3.1 The effect of surface chemistries of 20 nm Au NPs upon interaction with α-syn. 
Au NPs NPs are shown as gold spheres, citrate as red cubes, PAH polymer as green lines, and 
(16-mercaptohexadecyl) trimethylammonium bromide (MTAB) as blue cylinders. While citrate 
NPs remain in a well-dispersed state upon binding to α-syn, PAH-coated NPs experienced 
agglomeration as a result of exposure to α-syn.
38





that does not promote α-syn aggregation and therefore allows for clean interpretation of protein 
orientation on different Au NPs.  
In this study, we employed NMR heteronuclear correlation spectroscopy, which allows 
for the analysis of complex chemical processes at a molecular level.
41
 For example, the 
heteronuclear single quantum coherence pulse sequence (HSQC) is an NMR experiment that 








N HSQC gives a fingerprint of the protein backbone structure. This experiment 
is commonly used as a starting point for protein resonance assignment and structure 
determination, and specifically has been used in previous studies of α-syn.
22,23,26–28
 Following 
this approach, here we use HSQC NMR to give information on α-syn’s adsorption and 
interaction with citrate-coated and MTAB-coated Au NPs. As far as we know, this is the first 
study of this kind, which combines NMR methods with nanoparticle surface chemistry to infer 
protein display on NP surfaces.  
3.3 Materials and Methods 
All reagents used in Au NP synthesis were purchased from Sigma-Aldrich and used as received 
without further purification. 
3.3.1 Synthesis of Citrate-Coated Gold Nanoparticles 
12 nm citrate nanoparticles were synthesized as previously described.
42
 Briefly, 2.5 mL 
of 0.01 M HAuCl4·3H2O was added to 97.5 mL of ultrapure water, and the solution was heated 
to a rolling boil.  Then, 3 mL of 1% w/w sodium citrate was added, and the solution was kept at a 
boil for 40 more minutes. After the heat was turned off, the solution was allowed to cool 
naturally, and an additional 0.5 mL of 1% w/w sodium citrate was added to ensure stability of 
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the sample. To purify, the Au NPs were centrifuged at 8,000 rcf for 20 min. The supernatant was 
discarded, and the remaining sample was re-dispersed in ultrapure water. 
3.3.2 MTAB Coating of Gold Nanoparticles 
(16-mercaptohexadecyl) trimethylamoonium bromide (MTAB) was prepared according 
to the procedure published by Zubarev, et al.
43
 Starting reagents were purchased from Sigma-
Aldrich and used without purification. To coat citrate-capped Au NPs with MTAB, 300 μL of 
600 nM 12 nm citrate-capped Au NPs was added to a 1.5 mg/mL solution of MTAB, which had 
previously been heated at 60° C for 30 min. The solution was allowed to incubate at room 
temperature for 3 hours before excess MTAB was removed. To remove excess MTAB, the Au 
NPs were centrifuged twice at 8,000 rcf for 20 min each, and the supernatant was discarded. The 
resultant pellet was re-dispersed in ultrapure water. 
3.3.3 Production of α-Synuclein 
α-Syn was prepared using E. coli BL21(DE3)/pET28a-AS grown at 37 °C as described 
previously using an enhanced LB medium (containing 2 mM MgCl2 and 0.2x Studier trace 
elements) with 30 µg/ml kanamycin.
44,45
  For the 
15
N-labeled sample, the cells were grown at 37 
°C in Studier Medium M containing 3 g/L glucose and 2 g/L 
15
N ammonium chloride, 10 ml/L 
15
N BioExpress, 0.1x BME vitamins, and 30 µg/ml kanamycin.
45
 At a cell density of A600 = 0.8, 
the temperature was lowered to 25ºC. When the cell density reached A600= 1.3, protein 
expression was induced using 0.5 mM isopropyl β-D-1-thiogalactopyranoside. Cells were 
harvested 14 h post-induction. 
15
N ammonium chloride and 
15
N BioExpress were obtained from 
Cambridge Isotope Laboratories, Tewksbury, MA. BME vitamins (no. B6891) were from 
Sigma-Aldrich, St. Louis, MO. 
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Purification of α-syn began by re-suspending a cell pellet from 1 L of culture medium in 
100 mM Tris, pH 8 containing 1200 units TurboNuclease (Accelagen, San Diego, CA). The cells 
were lysed either by sonication or French Press. The lysate was boiled for 10 minutes, cooled, 
and the precipitant and cell debris removed by ultracentrifugation (1h at 100,000 rcf). The 
supernatant was loaded on a 60-mL anion-exhange column (Q Sepharose FF) and eluted using a 
linear gradient of 0-0.8 M NaCl. α-Syn eluted at ~0.3 M NaCl. Pooled fractions containing α-syn 
were concentrated using a stirred cell and loaded on a 26/60 Sephacryl S-200 HR gel filtration 
column in 10 mM Tris, pH 8, 1 mM EDTA, and 150 mM NaCl.  Sodium azide (0.01%) was 
added to the pooled S-200 fractions containing α-syn monomer. The protein was stored at 4 °C.  
The yield of purified α-syn was 50-60 mg/L growth medium, for both expression conditions.  For 
titrations involving natural abundance α-syn, the sample was dialyzed into 10 mM Na phosphate, 






Nα-syn was dialyzed into 20 mM HEPES, pH 7. The Q 
Sepharose resin and the S-200 column were obtained from GE Healthcare, Piscataway, NJ. 
3.3.4 NMR Spectroscopy 
All NMR spectra of -syn were collected at 4 °C on an Agilent VNMRS 750 MHz or 







triaxial PFG probe.  For intrinsically unstructured proteins, HSQC spectra are most often 
collected at 4 °C, to minimize exchange of amide protons with water. The structure of α-syn 
remains unchanged between 4 °C and room temperature. The Biopack pulse sequences 
(VNMRJ3.2 or VNMRJ2.1B) were used for HNCACB, CACA(CO)NH, 1H-15N SOFAST-




















N HNCACB and CBCA(CO)NH spectra. The 3D experiments were collected with a 
spectral width of 10 ppm in the 1H dimension (1532 points), 80 ppm in the 13C dimension (64 
points), and 30 ppm in the 15N dimension (32 points). The 
15
N SOFAST-HMQC experiment had 
a spectral width of 10 ppm in the 1H dimension (1532 points), and 40 ppm in the 15N dimension 




N HSQC spectra were recorded with a spectral width of 14 ppm and 36 




N dimensions, respectively. An acquisition time of 0.061 seconds was used 
in the direct 1H dimension, with 200 points in indirect 
15
N dimension (t1), and a pulse delay of 1 
s.  Between 168 and 200 scans per t1 increment were collected (except samples with 20 μM α-
syn, which were collected with 352 scans per increment). 
All spectra were processed using NMRPipe.
46
 In the 3D experiments, FIDs were zero-













N SOFAST-HMQC experiments, FIDs were zero-filled to 2048 points in the 1H 
dimension, and 512 points in the 
15
N dimension. The 90 degree shifted sine-bell square window 
functions were used in processing these spectra, as well as linear prediction to the next power of 
2. The processed spectra were analyzed with SPARKY.
47 
Peak assignments on the spectra of 
bound α-syn were made by copying the entire set of assignments from the HSQC spectrum of 
free 30 μM α-syn, then pasting onto the HSQC of bound α-syn. Due to small changes in the 
chemical shifts of the backbone peaks of α-syn upon binding to the NPs, minor adjustments were 




3.3.6 Simulation of α-Synuclein’s Interaction with Gold Nanoparticles 
Parameters for the MTAB and citrate ligands were assigned using the CHARMM general 
forcefield (ver. 2b8)
48,49
 through use of ParamChem (ver. 0.9.7.1),
50,51
 while α-synuclein was 
characterized using the CHARMM protein forcefield (ver. c32b1).
52,53
 The initial structure for α-
synuclein was taken from the RCSB Protein Database.
23
 The MTAB and citrate ligand coverages 
used were 3.7 and 2.65 molecules/nm
2
, respectively. The surface density for MTAB was 
estimated using previously published experimental data quantifying the density of MTAB 




 recent x-ray photoelectron spectroscopy 
data for citrate-capped Au NPs suggests that both 1.7 citrate molecules/nm
2
 and 1.7 oxidized 
citrate molecules/nm
2
 exist on the surface.
54
 All systems were solvated in TIP3 water with 20 
mM sodium chloride added to neutralize the system and to fulfill the role of the HEPES buffer. 
Each system was simulated using the NAMD molecular dynamics package.
55
 All systems were 
visualized and analyzed using VMD.
56
 The simulations used periodic boundary conditions, a 
particle mesh Ewald (PME) method, and Langevin dynamics with a damping constant of γLang = 
1.0 ps
−1
. In both systems the Au NP core was kept fixed during the simulations, while the rest of 
the system was equilibrated. In the first 10 ns, α-synuclein was fixed in space roughly 1 nm away 
from the NP surface. Then the α-synuclein was released, and the citrate-NP system was 
simulated for 45 ns, while the MTAB-NP system was simulated for 51 ns (reasonable time for 
selective adsorption but not folding). In addition, the systems were then simulated for 5 ns with 
bulk van der Waals (vdW) coupling added between gold NP and the rest of the system. The vdW 
cutoff was extended from 10 Å to 16 Å. To describe the bulk vdW coupling to all the molecules 
in the system, we modified the vdW coupling of the surface shell atoms of our NP to characterize 
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the high strength of the bulk gold vdW coupling.
57
 Polarization and image charging of gold was 
not considered. 
3.4 Results and Discussion 
For Au NPs and other noble metal nanoparticles that exhibit strong plasmon bands, 
typical biomolecule-NP titration experiments consist of monitoring either plasmon shifts by UV-
visible spectroscopy, or hydrodynamic size in solution by dynamic light scattering. One 
difference between NMR methods and these typical NP methods is the far higher NP 
concentrations required (300x) for NMR, as well as the need for isotopically labelled protein. 
However, protein NMR techniques afford single-residue resolution in situ observation of 
structural and dynamical changes in proteins as they are exposed to different chemical 
environment. Related studies at the nano-bio interface has allowed for understanding of protein 
interactions with various types of nanoparticles
58,59
; recent pioneering work using NMR has 
provided deeper insight into protein behavior following adsorption to nano-scale surfaces.
60–63
 
The study of protein adsorption onto NPs using NMR benefits from the clear change in 
relaxation parameters of protein bound to the NP.  Due to the slow tumbling rate of protein-
nanoparticle complexes, the bound and rigid portions of the protein upon binding will have 
increased relaxation rates and broad linewidths. Protein molecules, or portions thereof, that are 
not bound will exhibit linewidths consistent with rapid (<10 ns) tumbling.
64
 In measurements 
described here, the NP acts as an anchor to slow down the portions of protein that are bound to it, 
resulting in a severe increase in linewidth and concomitant reduction of peak height, which 




3.4.1 Adsorption of α-Syn to Anionic Citrate Au NPs 
Previously, HSQC spectra of α-syn monomer in sodium phosphate buffer (pH 7.4) 
solution have been assigned and published by multiple research groups.22,65 However, the 
conditions under which experiments in this study were performed are slightly altered, due mostly 
to considerations of NP aggregation in high salt content. It has been previously demonstrated that 
α-syn and citrate/PAH coated Au NPs retain stability in 20 mM HEPES buffer (pH 7), so this 
was chosen as the buffer for this study.  
As amino acid backbone chemical shifts are sensitive to conditions such as buffer and 




N HSQC spectra collected in 20 mM HEPES buffer are 




N HSQC spectra collected under different 
conditions (Figure 3.1). Being a disordered protein, the HSQC spectrum of α-syn will have 
regions of overlap in the 2D spectra. Thus, to perform resonance assignments of α-syn in 20 mM 










. Using the HNCACB sequence, we observed strong correlations from 
NH groups to Cα and Cβ atoms within an amino acid residue, and weak correlations to Cα and 
Cβ atoms in the preceding residue. On the other hand, the CBCA(CO)NH experiment only 
shows correlations from NH groups to Cα and Cβ atoms in the preceding residue. Using a 
combination of this data along with the SOFAST-HMQC experiment, which shows H-N 






Cβ atoms to 88% of 
amino acids in monomeric α-syn in 20 mM HEPES buffer (pH 7). A table of chemical shifts can 
be found in the Supporting Information (Table 3.1) and has been deposited to the BioMagRes 
Databank as accession number 26557.  
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In previous work, an extensive amino acid digestion was performed to quantify the 
number of α-syn proteins for monolayer coverage on citrate-capped Au NPs of different sizes.
37
 
Using this data, we extrapolated that a protein concentration of 30 μM α-syn would provide 




N HSQC spectra of 30 




N HSQC spectra of free α-syn 
reveals that in addition to small changes in chemical shifts (Figures 3.1 and 3.3), the major effect 
of NP incubation is the change in intensity of a subset of protein peaks. Analysis of the HSQC 
spectrum shows that a large portion of signals corresponding to amino acids located near the N-
terminus experience a large reduction in signal strength compared to the spectrum of free α-syn, 
indicating that effective correlation time has been increased upon binding to the Au NPs, while 
other portions of the protein exhibit stronger signal intensities. This observation is consistent 
with reported mass spectrometry on partially digested α-syn adsorbed to citrate Au NPs.
37
 Due to 
the overlap of peaks in the HSQC spectrum of α-syn (Figure S2), signal intensities from certain 
residues such as Lys-6, Lys-10, and Ala-19 appear greater than the general trend. Although some 
broadening and loss of signal intensity is observed for all sites in the protein, it is notable that 
signals from sites near the C-terminus - such as Ala-140, Glu-139, Gly-132, Glu-130, Ser-129 
etc. - have higher, and similar, normalized intensities and that a gradual decrease in intensity is 
observed in the signals progressively closer to the putative Au NP binding region.  In particular, 
Asn-103, Gly-101, Leu-100, Thr-92, Ala-89 Gly-84 and Thr-81 show decreased intensities 
relative to the C-terminal residues (residue labels and corresponding location in bar graphs 
shown in green in Figure 3.3).  We attribute this intensity pattern to the restricted diffusion of the 









Cβ chemical shifts assignments for 30 μM wild-type α-syn in 20 mM 








M1 - - - - 
D2 - - 54.2 41.4 
V3 8.33 120.6 62.5 32.6 
F4 8.42 123.8 58.1 39.2 
M5 8.28 122.7 55.3 32.6 
K6 8.35 122.9 56.8 32.9 
G7 8.49 110.0 45.2 - 
L8 8.14 121.6 55.1 42.4 
S9 8.40 116.9 58.3 63.7 
K10 8.56 123.6 56.2 32.7 
A11 8.37 125.5 52.6 19.1 
K12 8.42 121.1 56.8 32.9 
E13 - - - - 
G14 - - 45.2 - 
V15 8.04 120.4 62.3 32.7 
V16 8.39 125.6 62.2 32.7 
A17 - 128.7 - - 
A18 - 123.9 52.8 18.9 
A19 8.34 123.2 52.8 19.0 
E20 8.38 120.2 56.8 30.1 
K21 - - 56.7 32.8 
T22 8.21 115.6 62.4 69.7 
K23 - - - - 
Q24 - - 56.4 29.3 
G25 8.54 110.6 45.2 - 
V26 8.08 120.1 62.7 32.6 
A27 8.48 127.4 52.8 18.9 
E28 8.47 120.6 56.9 30.1 
A29 8.35 124.9 52.8 19.0 
A30 8.29 123.1 52.8 19.0 
G31 8.36 107.8 45.3 - 
K32 8.28 120.9 56.1 33.1 
T33 8.30 115.9 61.9 69.9 
K34 8.52 124.0 53.2 33.1 
E35 - - - - 
G36 - - 45.2 - 
V37 7.97 119.9 62.3 32.8 
L38 8.36 126.1 54.9 42.4 
Y39 8.36 122.8 57.9 38.8 
V40 8.16 123.8 62.1 32.8 
G41 8.07 112.3 45.1 - 
S42 8.21 115.8 58.3 63.7 
K43 8.46 123.8 56.3 33.0 
T44 8.26 115.8 61.8 69.8 
K45 8.56 124.0 - - 
E46 - - - - 




V48 7.98 120.1 62.5 32.8 
V49 8.38 125.5 62.2 32.7 
H50 8.63 124.9 56.1 30.5 
G51 8.50 110.7 45.0 - 
V52 8.14 120.4 62.0 32.9 
A53 8.58 128.5 52.4 19.2 
T54 8.32 115.2 62.0 69.9 
V55 8.34 123.5 62.2 32.8 
A56 8.52 128.5 52.5 19.1 
E57 8.45 121.1 56.5 30.2 
K58 8.52 123.2 56.4 33.1 
T59 8.30 116.1 62.1 69.7 
K60 8.47 123.9 56.5 32.9 
E61 - - - - 
Q62 - - 55.6 29.5 
V63 8.37 122.3 62.2 32.7 
T64 8.38 118.5 62.1 69.9 
N65 8.59 122.0 53.0 38.8 
V66 8.33 121.1 62.7 32.4 
G67 8.64 112.9 45.2 - 
G68 8.29 108.9 44.9 - 
A69 8.23 123.8 52.2 19.3 
V70 8.32 120.8 62.3 32.7 
V71 8.50 125.9 62.1 32.7 
T72 8.40 119.3 61.9 69.8 
G73 8.51 111.5 45.1 - 
V74 8.16 119.9 62.3 32.8 
T75 8.39 119.4 62.0 69.7 
A76 8.47 127.7 52.4 19.2 
V77 8.25 120.5 62.2 32.8 
A78 8.51 128.5 52.5 19.0 
Q79 8.49 120.6 55.5 29.6 
K80 8.53 123.6 56.3 33.1 
T81 8.38 117.3 62.1 69.9 
V82 8.40 123.5 62.2 32.8 
E83 8.66 125.6 56.7 30.2 
G84 8.60 110.9 45.2 - 
A85 8.33 124.0 52.8 19.1 
G86 8.57 108.3 45.1 - 
S87 8.33 115.6 58.3 63.8 
I88 8.27 123.0 53.7 46.2 
A89 8.44 128.4 52.5 19.1 
A90 8.31 123.6 52.5 19.1 
A91 8.38 123.7 52.6 19.1 
T92 8.19 112.9 62.0 69.8 
G93 8.38 110.8 45.1 - 
F94 8.16 120.5 57.8 39.7 
V95 8.13 124.3 62.0 33.0 
K96 8.48 126.9 56.4 33.1 
K97 - - - 33.1 
D98 8.48 121.6 54.4 41.0 




L100 8.39 123.0 55.3 42.1 
G101 8.55 110.0 45.2 - 
K102 8.28 120.9 56.1 33.1 
N103 8.70 120.1 53.2 38.6 
E104 8.55 121.5 56.6 30.2 
E105 8.45 121.7 54.2 30.6 
G106 - - 44.9 - 
A107 8.17 125.0 50.4 18.1 
P108 - - 63.0 32.0 
Q109 8.67 121.5 55.6 29.7 
E110 8.61 122.9 56.6 30.4 
G111 8.56 110.4 45.2 - 
I112 8.09 120.3 60.8 38.6 
L113 8.51 127.5 54.9 42.3 
E114 8.51 122.5 56.3 30.4 
D115 8.44 121.7 54.2 41.0 
M116 8.37 122.3 53.1 32.6 
P117 - - 62.8 32.1 
V118 8.40 121.2 61.8 33.0 
D119 8.63 126.5 52.1 40.9 
P120 - - 63.3 - 
D121 8.45 119.6 54.4 40.8 
N122 8.20 119.3 53.4 39.3 
E123 8.43 121.4 56.7 30.1 
A124 8.30 124.8 52.2 19.1 
Y125 8.14 120.3 57.6 39.1 
E126 8.22 124.2 55.5 30.8 
M127 8.52 124.2 56.5 32.8 
P128 8.51 122.2 62.9 32.2 
S129 8.59 117.0 58.2 63.8 
E130 8.67 123.4 56.3 30.3 
E131 - - 56.8 30.2 
G132 8.50 110.2 45.1 - 
Y133 - - - - 
Q134 8.28 123.0 55.2 29.9 
D135 8.31 122.0 54.2 41.1 
Y136 8.14 120.7 57.5 39.1 
E137 8.35 125.6 53.5 30.2 
P138 8.35 125.5 - - 
E139 8.60 121.8 56.5 30.3 




Figure 3.1 HSQC spectrum of 30 μM α-syn in 20 mM HEPES buffer, pH = 7. The dataset was collected 
at 4 °C, 600 MHz 
1
H frequency, with 200 points in the indirect 
15
N dimension, and a spectral width of 14 




N dimensions, respectively. 168 transients per increment were collected 
for each time increment. Red labels correspond to peaks whose intensities are noticeably higher than the 





Figure 3.2 Data intensities as taken from the HSQC spectrum of free α-syn (Figure S2). Bars shown in 
red correspond to overlapped peaks which have intensities greater than 7.1 x 10
5





Figure 3.3 HSQC spectrum of 30 μM α-syn bound to 300 nM 12 nm citrate Au NPs (red) in 20 
mM HEPES (pH 7), overlaid on an HSQC spectrum of free α-syn (blue). The concentration of 
protein was selected by extrapolating from previous work to provide monolayer coverage.
37
 b) 
Intensities of signals corresponding to the peaks of α-syn bound to citrate Au NPs, normalized to 
the spectrum of free α-syn (Figure S3). Residue labels (a) and bars (b) shown in green refer to 
particular amino acids mentioned in the text. Negative data heights arise from random noise. 
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have the most restricted motion, and therefore longer effective correlation times and weaker signals.  
 The NP-dependent changes in the α-syn spectrum increase in proportion to the NP:α-syn 
stoichiometric ratio, reminiscent of the effects previously observed by Bax and co-workers upon 
titration of phospholipid vesicles into solutions of α-syn.
26,27
 For example, when we decreased 
the concentration of α-syn to 20 μM while maintaining the Au NP concentration at 300 nM 
(Figure 3.4), the differences in intensities of peaks arising from free and bound portions of the 
protein increased to where the bound residues were no longer detected (and to a greater extent 
than attributable to the dilution of protein). Additionally we observe that at this stoichiometry, 
more residues near the N-terminus vanish below the detection limit of the NMR. The assigned 
peaks in this HSQC spectrum show an amplified trend: signals arising from amino acids located 
near the N-terminus, notably residues Val-3, Met-5, Lys-6, Gly-7, and Leu-8 (residue labels 
shown in green in Figure 3.4) experience a large reduction in intensity, confirming that that 
binding of α-syn to 12 nm citrate Au NPs occurs via the N-terminus. Although there are a myriad 
of possible arrangements that α-syn could adopt, the observation of signals from amino acids 
near the C-terminus consistent with the known random coil chemical shifts of α-syn 
demonstrates that the C-terminus interacts minimally with the NP surface.  
3.4.2 Adsorption of α-Syn to cationic MTAB Au NPs 
We next investigated the effect of NP surface charge on the binding of α-syn to Au NPs 
by NMR. Due to agglomeration effects of α-syn on PAH-coated Au NPs, we adapted previous 
work by Zubarev et al to synthesize MTAB as a cationic ligand for Au NPs.
43
 When MTAB is 




Figure 3.4 a) HSQC spectrum of 20 μM α-syn bound to 300 nM citrate Au NPs (red) in 20 mM HEPES 
(pH = 7), overlaid on an HSQC spectrum of free α-syn (blue). The spectrum was collected on a 600 MHz 
spectrometer, and is the result of averaging 352 transients for each of 200 increments in the indirect 
dimension. b) Intensities of signals corresponding to the peaks of α-syn bound to citrate Au NPs, 
normalized against the amino acid peak intensities of the HSQC spectrum of free α-syn. Green labels in 





Figure 3.5 a) Normalized data intensities of amino acid peaks from the HSQC spectrum of 30 
μM α-syn and 300 nM 12 nm citrate Au NPs (176 transients). b) Normalized data intensities of 
amino acid peaks the HSQC spectrum of 20 μM α-syn and 300 nM 12 nm citrate Au NPs (352 
transients). Reported intensities are normalized against peak intensities in the HSQC spectrum of 
30 μM α-syn. Both spectra were collected at 4 °C in 20 mM HEPES buffer (pH 7). Negative data 
heights arise from random noise.   
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surface (although recent work suggests that citrate still lingers on the surface in the form of 
trimers even with thiol adsorption).
54
 Evidence of ligand exchange can be shown through ζ-
potential measurements, as citrate and MTAB coated NPs will have opposite surface charges. 
The ζ potential of Au NPs was -13.44 ± 1.77 mV before the MTAB exchange, and +27.99 ± 1.45 
mV after. Binding of α-syn to MTAB NPs was confirmed through light scattering measurements, 
which show an increase in the hydrodynamic diameter from 24.9 ± 1.3 nm to 36.9 ± 1.9 nm upon 
addition of 300 nM α-syn to 2.8 nM 12 nm MTAB Au NP, suggesting monolayer adsorption of 
the 5.3-nm protein.
37
 To study the binding of α-syn to MTAB-coated particles, spectroscopic 
titrations were performed to monitor the plasmon shift of the Au NP as a function of protein 
concentration (Figure 3.6). Using the same method of analysis as before,
37
 an equilibrium 




 was calculated, somewhat less than the binding 




 , Figure 3.7). 
The HSQC spectrum for 30 μM α-syn bound to 300 nM cationic MTAB 12 nm Au NPs 
is both noticeably different from citrate NPs (Figure 3.3) and shows no indication of aggregation, 
even at the relatively high NP concentrations required for NMR (Figure 3.6). Upon peak 
assignment and analysis of the HSQC spectrum, we observe that signals from amino acids 
located near the C-terminus undergo a decrease in intensity, nearly the “mirror image” of the 
citrate NP data (as mentioned previously, peak overlap in the HSQC spectrum will cause amino 
acid such as Tyr-136 and Glu-139 to have peak intensities that are higher than expected). 
Therefore, our data strongly support the interpretation that α-syn binds to positively charged 12 
nm MTAB Au NPs via its C-terminus. The reversal of binding is consistent with the amino acid 
composition of α-syn, with a much greater density of acidic amino acids towards the C-terminus 




Figure 3.6 (a) UV-Vis traces of 1.4 nM MTAB Au NPs titrated with 0-350 nM α-syn (black: 0 
nM, red: 9.8 nM, blue: 19.6 nM, magenta: 29.4 nM, olive: 39.1 nM, green: 48.6 nM, violet 67.6 
nM, purple: 86.2 nM, orange: 99.9 nM, dark yellow: 135.9 nM, light gray: 179.4 nM, pink: 265.7 
nM, navy: 342.1 nM). (b) Shifts of plasmon peak (Δλ) plotted against α-syn concentration. The 





Figure 3.7 (a) Normalized UV-Vis traces of 1.4 nM 12 nm citrate Au NPs titration with α-syn 
from 0-200 nM (black: 0 nM, red: 9.8 nM, blue: 19.6 nM, magenta: 29.4 nM, olive: 39.1 nM, 
green: 48.6 nM, violet 67.6 nM, purple: 86.2 nM, orange: 99.9 nM, dark yellow: 135.9 nM, light 
gray: 179.4 nM). (b) Shifts of plasmon peak (Δλ) plotted against α-syn concentration. The red 
trace shows a fit to the Langmuir adsorption isotherm. Using previous methods, an equilibrium 













 The affinity of the C-terminus of α-syn for cationic objects has been documented 
in previous studies, which agrees with our observation of the reversal of binding orientation upon 
surface charge modification.
29–31
 However, the surprising result is that this flipping of the 
solvent-facing domains of α-syn is so cleanly resolved by switching the NP surface ligand from 
anionic and polar citrate to cationic yet also hydrophobic MTAB. Again, as in the case of α-syn 
interacting with citrate NPs, little to no changes in chemical shifts of the amino acid peaks in the 
HSQC spectra of α-syn and MTAB NPs support the interpretation that the protein remains 
disordered and does not adopt any defined secondary structure upon adsorption with the MTAB 
NP. The lack of defined protein structure is supported by circular dichroism measurements of α-
syn with citrate and MTAB NPs, (Figure 3.10). 
3.4.3 Simulation of α-Syn’s Adsorption to Au NPs 
That protein orientation on nanoscale surfaces is controlled by surface chemistry is 
further supported by atomistic molecular dynamics simulations. From the molecular dynamics 
simulations shown in Figure 3.11, the N-terminus region is attracted to the negatively charged 
citrate NP, but does not interact with the cationic MTAB Au NP. Conversely, the C-terminus 
region of α-syn is strongly attracted to the MTAB NP, and strongly repelled from the citrate NP 
due to Coulombic coupling. To quantify these effects, we calculated the distance from each 
amino acid (center of mass) to the closest charged or neutral ligand atom over the last 3 ns of 
each simulation, searching a range up to 100 Å. In order to account for the effects of local pH 
(crowded charged ligands), only ten percent of bound ligands were charged, while the remaining 
ninety percent were left neutral; calculation of distances to the closest charged or neutral ligands 
represent the most accurate situation of α-syn’s interaction with the actual NP. From 48 ns to 50 




Figure 3.8 a) HSQC spectrum of 30 μM α-syn bound to 300 nM MTAB Au NPs (green) in 20 
mM HEPES (pH 7), overlaid on an HSQC spectrum of free α-syn (blue). b) Intensities of signals 
corresponding to the peaks of α-syn bound to MTAB Au NP, normalized to the spectrum of free 




Figure 3.9 Normalized data intensities from the HSQC spectrum of 30 μM α-syn and 300 nM 
MTAB-coated 12 nm Au NPs in 20 mM HEPES buffer, pH = 7. The data consists of 200 
transients with 200 points in the indirect dimension collected at 4 °C on a 600 MHz 
spectrometer. The intensities are normalized against the peak intensities in the HSQC spectrum 





Figure 3.10 Circular dichroism data of free α-syn (red), and α-syn incubated with 5 nM citrate 
Au NPs in 10 mM sodium phosphate buffer, pH 7 (blue), and 5 nM MTAB Au NPs in 10 mM 
MOPS buffer, pH 7 (black). Different buffers were chosen due to the propensity of certain 
buffers to aggregate different types of nanoparticles (for example, MTAB Au NPs aggregate 
immediately in phosphate buffer). HEPES buffer could not be used in circular dichroism 
experiments due to high absorption of light by HEPES in the far-UV range, which causes 





Figure 3.11 VMD rendering of α-syn’s simulated interaction with individual citrate-capped (a) 
and MTAB-capped (b) Au NPs, where 10 % of citrate and MTAB ligands are charged 
(highlighted in red and blue, respectively). Scale bar is 10 angstroms. Distances from each amino 




residues Met-1 through Glu-20 to the citrate ligand shell was 14.9 Å; in contrast, the average 
distance of residues Pro-120 to Ala-140 to the citrate ligand was 54.1 Å. In the case of α-syn’s 
interaction with MTAB nanoparticles, between 54 ns and 56 ns, the average distance of residues 
Pro-120 through Ala-140 to the nearest ligand atom is 5.4 Å; in contrast, the average distance of 
residues Met-1 through Glu-20 to the nearest ligand atom is 32.3 Å. In both cases, there is a 
drastic difference in the average distance of either terminus from the corresponding ligand shells, 
which suggests preferential binding via the termini of α-syn. 
Additionally, our simulations suggest that the center region of α-syn is strongly attracted 
not only to the anionic citrate NP, but also to the cationic MTAB NP. Indeed, distance 
calculations reveal that the average separation of residues Thr-75 through Leu-100 to the nearest 
citrate ligand atom is 6.5 Å (from 48-50 ns), and the average distance between residues Thr-75 
and Leu-100 to the nearest MTAB ligand is 3.8 Å (from 54-56 ns) in each respective system 
(Figure 3.12). This central region of α-syn, also known as the NAC domain (non-Aβ component 
of Alzheimer disease amyloid), is composed of largely hydrophobic amino acid residues, and is 
thought to be heavily involved in the aggregation of α-syn due to intramolecular hydrophobic 
forces.
69,70
 It is possible that unfavorable hydrophilic-hydrophobic interactions are driving the 
NAC domain towards the surface of the Au NP in order to minimize contact between 
hydrophobic residues and the surrounding solvent. However, fine structural details of the 
simulated systems may slightly differ from the actual protein conformations on the NP surfaces, 
since we do not simulate the crowding effects of neighboring proteins and other potential 
features such as gold surface image charging. Nevertheless, the simulations seem to fully 
corroborate our NMR results that suggest a reversal of protein binding orientation upon the 




Figure 3.12 Distance calculations of each amino acid’s center of mass to the nearest nanoparticle 
ligand from the MD simulations of α-syn’s interaction with a) citrate and b) MTAB 
nanoparticles. The distances shown are an average of the final 3 ns from each respective 




The data presented here suggest that while surface charge plays a large role in dictating the 
binding orientation of α-syn to Au NPs, there remain some variations in the adsorption of α-syn 
to these NPs which depends on the chemistries of ligands with similar charges. While both PAH 
and MTAB act as cationic surface ligands for Au NPs, the interaction of α-syn with PAH-coated 
and MTAB-coated NPs is very different. Comparison of the structures of PAH and MTAB 
reveal chemical differences that can influence intermolecular forces, potentially resulting in an 
effect on protein behavior.  For example, the ammonium headgroup of MTAB is unable to 
participate in hydrogen bonding due to the lack of protons or lone pairs, making it a poor 
candidate as either a hydrogen bond donor or acceptor. Furthermore, the three methyl groups 
present a barrier for any potential interactions with the headgroup.  On the other hand, the 
ammonium ions of PAH allow for hydrogen bonding interactions as well as stronger electrostatic 
attractions due to the steric accessibility of the cation (Scheme 3.1). 
3.5 Conclusion 
Our experiments demonstrate the impacts of modifying Au NP surface chemistry on 
protein adsorption as observed by NMR. We were able to manipulate the surface charge of a 12 
nm Au NP with citrate and MTAB to control the binding orientation of α-syn, as observed by 
NMR. Furthermore, this observation of the reversal of binding orientation was corroborated by 
molecular dynamics simulations of α-syn interacting with both anionic citrate and cationic 
MTAB Au NPs. The ability to precisely control the surface chemistry of Au NPs opens 
possibilities to tailor nanoparticles to accurately mimic nanoscale systems of interest, to study 
protein adsorption onto surfaces of different chemistries and curvatures, and have molecular 
control of protein display on organelle-sized engineered nano-objects. Knowledge of protein 
105 
 
behavior in the presence of different surface chemistries grants predictive power in the future 
design and implementation of biologically functional nanomaterials.   
3.6 Acknowledgements 
We thank the National Science Foundation (CHE-1306596) and the National Institutes of 
Health (R01-GM073770) for funding this research. M.D.T. is a member of the NIH Molecular 
Biophysics Training Grant at the University of Illinois at Urbana-Champaign (PHS 5 T32 
GM008276). The work of P.K. was supported by the NSF DMR grant No. 1309765, and by the 
ACS PRF grant No. 53062-ND6. We also thank Joshua Hinman for his assistance with analyzing 
NMR spectra, Wei Wang for his help in synthesizing MTAB, and Joseph Courtney and 
Alexander Barclay for the 13C/15N α-synuclein.  
3.7 References 
(1)  Murphy, C. J.; Gole, A. M.; Stone, J. W.; Sisco, P. N.; Alkilany, A. M.; Goldsmith, E. C.; 
Baxter, S. C. Gold Nanoparticles in Biology: Beyond Toxicity to Cellular Imaging. Acc. 
Chem. Res. 2008, 41 (12), 1721–1730. 
(2)  Ghosh, P.; Han, G.; De, M.; Kim, C. K.; Rotello, V. M. Gold Nanoparticles in Delivery 
Applications. Adv. Drug Deliv. Rev. 2008, 60 (11), 1307–1315. 
(3)  Alkilany, A. M.; Thompson, L. B.; Boulos, S. P.; Sisco, P. N.; Murphy, C. J. Gold 
Nanorods: Their Potential for Photothermal Therapeutics and Drug Delivery, Tempered by 
the Complexity of Their Biological Interactions. Adv. Drug Deliv. Rev. 2012, 64 (2), 190–
199. 
(4)  Dreaden, E. C.; Alkilany, A. M.; Huang, X.; Murphy, C. J.; El-Sayed, M. A. The Golden 
Age: Gold Nanoparticles for Biomedicine. Chem. Soc. Rev. 2012, 41 (7), 2740. 
(5)  Shimizu, T.; Teranishi, T.; Hasegawa, S.; Miyake, M. Size Evolution of Alkanethiol-
Protected Gold Nanoparticles by Heat Treatment in the Solid State. J. Phys. Chem. B 2003, 
107 (12), 2719–2724. 
(6)  Carbó-Argibay, E.; Rodríguez-González, B.; Pacifico, J.; Pastoriza-Santos, I.; Pérez-Juste, 
J.; Liz-Marzán, L. M. Chemical Sharpening of Gold Nanorods: The Rod-to-Octahedron 
Transition. Angew. Chem. Int. Ed. 2007, 46 (47), 8983–8987. 
106 
 
(7)  Kim, F.; Connor, S.; Song, H.; Kuykendall, T.; Yang, P. Platonic Gold Nanocrystals. 
Angew. Chem. Int. Ed. 2004, 43 (28), 3673–3677. 
(8)  Personick, M. L.; Langille, M. R.; Zhang, J.; Harris, N.; Schatz, G. C.; Mirkin, C. A. 
Synthesis and Isolation of {110}-Faceted Gold Bipyramids and Rhombic Dodecahedra. J. 
Am. Chem. Soc. 2011, 133 (16), 6170–6173. 
(9)  Shukla, R.; Bansal, V.; Chaudhary, M.; Basu, A.; Bhonde, R. R.; Sastry, M. 
Biocompatibility of Gold Nanoparticles and Their Endocytotic Fate Inside the Cellular 
Compartment: A Microscopic Overview. Langmuir 2005, 21 (23), 10644–10654. 
(10)  Connor, E. E.; Mwamuka, J.; Gole, A.; Murphy, C. J.; Wyatt, M. D. Gold Nanoparticles 
Are Taken Up by Human Cells but Do Not Cause Acute Cytotoxicity. Small 2005, 1 (3), 
325–327. 
(11)  Chithrani, B. D.; Ghazani, A. A.; Chan, W. C. W. Determining the Size and Shape 
Dependence of Gold Nanoparticle Uptake into Mammalian Cells. Nano Lett. 2006, 6 (4), 
662–668. 
(12)  Brannon-Peppas, L.; Blanchette, J. O. Nanoparticle and Targeted Systems for Cancer 
Therapy. Adv. Drug Deliv. Rev. 2012, 64, Supplement, 206–212. 
(13)  Zhang, J.; Yuan, Z.-F.; Wang, Y.; Chen, W.-H.; Luo, G.-F.; Cheng, S.-X.; Zhuo, R.-X.; 
Zhang, X.-Z. Multifunctional Envelope-Type Mesoporous Silica Nanoparticles for Tumor-
Triggered Targeting Drug Delivery. J. Am. Chem. Soc. 2013, 135 (13), 5068–5073. 
(14)  Meyers, J. D.; Cheng, Y.; Broome, A.-M.; Agnes, R. S.; Schluchter, M. D.; Margevicius, 
S.; Wang, X.; Kenney, M. E.; Burda, C.; Basilion, J. P. Peptide-Targeted Gold 
Nanoparticles for Photodynamic Therapy of Brain Cancer. Part. Part. Syst. Charact. 2015, 
32 (4), 448–457. 
(15)  Kayed, R.; Head, E.; Thompson, J. L.; McIntire, T. M.; Milton, S. C.; Cotman, C. W.; 
Glabe, C. G. Common Structure of Soluble Amyloid Oligomers Implies Common 
Mechanism of Pathogenesis. Science 2003, 300 (5618), 486–489. 
(16)  Liu, F.; Wang, L.; Wang, H.; Yuan, L.; Li, J.; Brash, J. L.; Chen, H. Modulating the 
Activity of Protein Conjugated to Gold Nanoparticles by Site-Directed Orientation and 
Surface Density of Bound Protein. ACS Appl. Mater. Interfaces 2015, 7 (6), 3717–3724. 
(17)  Maroteaux, L.; Campanelli, J. T.; Scheller, R. H. Synuclein: A Neuron-Specific Protein 
Localized to the Nucleus and Presynaptic Nerve Terminal. J. Neurosci. 1988, 8 (8), 2804–
2815. 
(18)  George, J. M. The Synucleins. Genome Biol. 2001, 3 (1), 3002. 
(19)  Croke, R. L.; Patil, S. M.; Quevreaux, J.; Kendall, D. A.; Alexandrescu, A. T. NMR 
Determination of pKa Values in α-Synuclein. Protein Sci. 2011, 20 (2), 256–269. 
(20)  Ullman, O.; Fisher, C. K.; Stultz, C. M. Explaining the Structural Plasticity of α-Synuclein. 
J. Am. Chem. Soc. 2011, 133 (48), 19536–19546. 
107 
 
(21)  Perrin, R. J.; Woods, W. S.; Clayton, D. F.; George, J. M. Interaction of Human α-
Synuclein and Parkinson’s Disease Variants with Phospholipids STRUCTURAL 
ANALYSIS USING SITE-DIRECTED MUTAGENESIS. J. Biol. Chem. 2000, 275 (44), 
34393–34398. 
(22)  Eliezer, D.; Kutluay, E.; Bussell Jr, R.; Browne, G. Conformational Properties of α-
Synuclein in Its Free and Lipid-Associated states1. J. Mol. Biol. 2001, 307 (4), 1061–1073. 
(23)  Ulmer, T. S.; Bax, A.; Cole, N. B.; Nussbaum, R. L. Structure and Dynamics of Micelle-
Bound Human α-Synuclein. J. Biol. Chem. 2005, 280 (10), 9595–9603. 
(24)  Jao, C. C.; Hegde, B. G.; Chen, J.; Haworth, I. S.; Langen, R. Structure of Membrane-
Bound α-Synuclein from Site-Directed Spin Labeling and Computational Refinement. 
Proc. Natl. Acad. Sci. 2008, 105 (50), 19666–19671. 
(25)  Georgieva, E. R.; Ramlall, T. F.; Borbat, P. P.; Freed, J. H.; Eliezer, D. Membrane-Bound 
α-Synuclein Forms an Extended Helix: Long-Distance Pulsed ESR Measurements Using 
Vesicles, Bicelles, and Rodlike Micelles. J. Am. Chem. Soc. 2008, 130 (39), 12856–12857. 
(26)  Bodner, C. R.; Dobson, C. M.; Bax, A. Multiple Tight Phospholipid-Binding Modes of α-
Synuclein Revealed by Solution NMR Spectroscopy. J. Mol. Biol. 2009, 390 (4), 775–790. 
(27)  Bodner, C. R.; Maltsev, A. S.; Dobson, C. M.; Bax, A. Differential Phospholipid Binding of 
α-Synuclein Variants Implicated in Parkinson’s Disease Revealed by Solution NMR 
Spectroscopy. Biochemistry (Mosc.) 2010, 49 (5), 862–871. 
(28)  Fernández, C. O.; Hoyer, W.; Zweckstetter, M.; Jares‐Erijman, E. A.; Subramaniam, V.; 
Griesinger, C.; Jovin, T. M. NMR of Α‐synuclein–polyamine Complexes Elucidates the 
Mechanism and Kinetics of Induced Aggregation. EMBO J. 2004, 23 (10), 2039–2046. 
(29)  Uversky, V. N.; Li, J.; Fink, A. L. Metal-Triggered Structural Transformations, 
Aggregation, and Fibrillation of Human α-Synuclein A POSSIBLE MOLECULAR LINK 
BETWEEN PARKINSON′S DISEASE AND HEAVY METAL EXPOSURE. J. Biol. 
Chem. 2001, 276 (47), 44284–44296. 
(30)  Rasia, R. M.; Bertoncini, C. W.; Marsh, D.; Hoyer, W.; Cherny, D.; Zweckstetter, M.; 
Griesinger, C.; Jovin, T. M.; Fernández, C. O. Structural Characterization of copper(II) 
Binding to α-Synuclein: Insights into the Bioinorganic Chemistry of Parkinson’s Disease. 
Proc. Natl. Acad. Sci. U. S. A. 2005, 102 (12), 4294–4299. 
(31)  Sung, Y.; Rospigliosi, C.; Eliezer, D. NMR Mapping of Copper Binding Sites in Alpha-
Synuclein. Biochim. Biophys. Acta BBA - Proteins Proteomics 2006, 1764 (1), 5–12. 
(32)  Luk, K. C.; Kehm, V.; Carroll, J.; Zhang, B.; O’Brien, P.; Trojanowski, J. Q.; Lee, V. M.-
Y. Pathological α-Synuclein Transmission Initiates Parkinson-like Neurodegeneration in 
Nontransgenic Mice. Science 2012, 338 (6109), 949–953. 
(33)  Guo, J. L.; Covell, D. J.; Daniels, J. P.; Iba, M.; Stieber, A.; Zhang, B.; Riddle, D. M.; 
Kwong, L. K.; Xu, Y.; Trojanowski, J. Q.; et al. Distinct α-Synuclein Strains Differentially 
Promote Tau Inclusions in Neurons. Cell 2013, 154 (1), 103–117. 
108 
 
(34)  Goedert, M.; Spillantini, M. G.; Del Tredici, K.; Braak, H. 100 Years of Lewy Pathology. 
Nat. Rev. Neurol. 2013, 9 (1), 13–24. 
(35)  Breydo, L.; Wu, J. W.; Uversky, V. N. α-Synuclein Misfolding and Parkinson’s Disease. 
Biochim. Biophys. Acta BBA - Mol. Basis Dis. 2012, 1822 (2), 261–285. 
(36)  Galvagnion, C.; Buell, A. K.; Meisl, G.; Michaels, T. C. T.; Vendruscolo, M.; Knowles, T. 
P. J.; Dobson, C. M. Lipid Vesicles Trigger α-Synuclein Aggregation by Stimulating 
Primary Nucleation. Nat. Chem. Biol. 2015, 11 (3), 229–234. 
(37)  Yang, J. A.; Johnson, B. J.; Wu, S.; Woods, W. S.; George, J. M.; Murphy, C. J. Study of 
Wild-Type α-Synuclein Binding and Orientation on Gold Nanoparticles. Langmuir 2013, 
29 (14), 4603–4615. 
(38)  Yang, J. A.; Lin, W.; Woods, W. S.; George, J. M.; Murphy, C. J. α-Synuclein’s 
Adsorption, Conformation, and Orientation on Cationic Gold Nanoparticle Surfaces Seeds 
Global Conformation Change. J. Phys. Chem. B 2014, 118 (13), 3559–3571. 
(39)  Sönnichsen, C.; Reinhard, B. M.; Liphardt, J.; Alivisatos, A. P. A Molecular Ruler Based 
on Plasmon Coupling of Single Gold and Silver Nanoparticles. Nat. Biotechnol. 2005, 23 
(6), 741–745. 
(40)  Qiu, Y.; Liu, Y.; Wang, L.; Xu, L.; Bai, R.; Ji, Y.; Wu, X.; Zhao, Y.; Li, Y.; Chen, C. 
Surface Chemistry and Aspect Ratio Mediated Cellular Uptake of Au Nanorods. 
Biomaterials 2010, 31 (30), 7606–7619. 
(41)  Bodenhausen, G.; Ruben, D. J. Natural Abundance Nitrogen-15 NMR by Enhanced 
Heteronuclear Spectroscopy. Chem. Phys. Lett. 1980, 69 (1), 185–189. 
(42)  Turkevich, J.; Stevenson, P. C.; Hillier, J. A Study of the Nucleation and Growth Processes 
in the Synthesis of Colloidal Gold. Discuss. Faraday Soc. 1951, 11 (0), 55–75. 
(43)  Vigderman, L.; Manna, P.; Zubarev, E. R. Quantitative Replacement of Cetyl 
Trimethylammonium Bromide by Cationic Thiol Ligands on the Surface of Gold Nanorods 
and Their Extremely Large Uptake by Cancer Cells. Angew. Chem. 2012, 124 (3), 660–665. 
(44)  Kloepper, K. D.; Woods, W. S.; Winter, K. A.; George, J. M.; Rienstra, C. M. Preparation 
of α-Synuclein Fibrils for Solid-State NMR: Expression, Purification, and Incubation of 
Wild-Type and Mutant Forms. Protein Expr. Purif. 2006, 48 (1), 112–117. 
(45)  Studier, F. W. Protein Production by Auto-Induction in High-Density Shaking Cultures. 
Protein Expr. Purif. 2005, 41 (1), 207–234. 
(46)  Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax, A. NMRPipe: A 
Multidimensional Spectral Processing System Based on UNIX Pipes. J. Biomol. NMR 
1995, 6 (3), 277–293. 
(47)  Lee, W.; Westler, W. M.; Bahrami, A.; Eghbalnia, H. R.; Markley, J. L. PINE-SPARKY: 
Graphical Interface for Evaluating Automated Probabilistic Peak Assignments in Protein 
NMR Spectroscopy. Bioinformatics 2009, 25 (16), 2085–2087. 
109 
 
(48)  Vanommeslaeghe, K.; Hatcher, E.; Acharya, C.; Kundu, S.; Zhong, S.; Shim, J.; Darian, E.; 
Guvench, O.; Lopes, P.; Vorobyov, I.; et al. CHARMM General Force Field (CGenFF): A 
Force Field for Drug-like Molecules Compatible with the CHARMM All-Atom Additive 
Biological Force Fields. J. Comput. Chem. 2010, 31 (4), 671–690. 
(49)  Yu, W.; He, X.; Vanommeslaeghe, K.; MacKerell, A. D. Extension of the CHARMM 
General Force Field to Sulfonyl-Containing Compounds and Its Utility in Biomolecular 
Simulations. J. Comput. Chem. 2012, 33 (31), 2451–2468. 
(50)  Vanommeslaeghe, K.; MacKerell, A. D. Automation of the CHARMM General Force Field 
(CGenFF) I: Bond Perception and Atom Typing. J. Chem. Inf. Model. 2012, 52 (12), 3144–
3154. 
(51)  Vanommeslaeghe, K.; Raman, E. P.; MacKerell, A. D. Automation of the CHARMM 
General Force Field (CGenFF) II: Assignment of Bonded Parameters and Partial Atomic 
Charges. J. Chem. Inf. Model. 2012, 52 (12), 3155–3168. 
(52)  Mackerell, A. D.; Feig, M.; Brooks, C. L. Extending the Treatment of Backbone Energetics 
in Protein Force Fields: Limitations of Gas-Phase Quantum Mechanics in Reproducing 
Protein Conformational Distributions in Molecular Dynamics Simulations. J. Comput. 
Chem. 2004, 25 (11), 1400–1415. 
(53)  MacKerell, A. D.; Bashford, D.; Bellott, M.; Dunbrack, R. L.; Evanseck, J. D.; Field, M. J.; 
Fischer, S.; Gao, J.; Guo, H.; Ha, S.; et al. All-Atom Empirical Potential for Molecular 
Modeling and Dynamics Studies of Proteins. J. Phys. Chem. B 1998, 102 (18), 3586–3616. 
(54)  Park, J.-W.; Shumaker-Parry, J. S. Strong Resistance of Citrate Anions on Metal 
Nanoparticles to Desorption under Thiol Functionalization. ACS Nano 2015, 9 (2), 1665–
1682. 
(55)  Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.; Chipot, C.; 
Skeel, R. D.; Kalé, L.; Schulten, K. Scalable Molecular Dynamics with NAMD. J. Comput. 
Chem. 2005, 26 (16), 1781–1802. 
(56)  Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular Dynamics. J. Mol. Graph. 
1996, 14 (1), 33–38. 
(57)  Wright, L. B.; Rodger, P. M.; Corni, S.; Walsh, T. R. GolP-CHARMM: First-Principles 
Based Force Fields for the Interaction of Proteins with Au(111) and Au(100). J. Chem. 
Theory Comput. 2013, 9 (3), 1616–1630. 
(58)  Bayraktar, H.; You, C.-C.; Rotello, V. M.; Knapp, M. J. Facial Control of Nanoparticle 
Binding to Cytochrome c. J. Am. Chem. Soc. 2007, 129 (10), 2732–2733. 
(59)  Aubin-Tam, M.-E.; Hwang, W.; Hamad-Schifferli, K. Site-Directed Nanoparticle Labeling 
of Cytochrome c. Proc. Natl. Acad. Sci. 2009, pnas.0807299106. 
(60)  Engel, M. F. M.; Visser, A. J. W. G.; Mierlo, C. P. M. V. Conformation and Orientation of 
a Protein Folding Intermediate Trapped by Adsorption. Proc. Natl. Acad. Sci. U. S. A. 2004, 
101 (31), 11316–11321. 
110 
 
(61)  Calzolai, L.; Franchini, F.; Gilliland, D.; Rossi, F. Protein−Nanoparticle Interaction: 
Identification of the Ubiquitin−Gold Nanoparticle Interaction Site. Nano Lett. 2010, 10 (8), 
3101–3105. 
(62)  Siriwardana, K.; Wang, A.; Vangala, K.; Fitzkee, N.; Zhang, D. Probing the Effects of 
Cysteine Residues on Protein Adsorption onto Gold Nanoparticles Using Wild-Type and 
Mutated GB3 Proteins. Langmuir 2013, 29 (35), 10990–10996. 
(63)  Shrivastava, S.; McCallum, S. A.; Nuffer, J. H.; Qian, X.; Siegel, R. W.; Dordick, J. S. 
Identifying Specific Protein Residues That Guide Surface Interactions and Orientation on 
Silica Nanoparticles. Langmuir 2013, 29 (34), 10841–10849. 
(64)  Bloembergen, N.; Purcell, E. M.; Pound, R. V. Relaxation Effects in Nuclear Magnetic 
Resonance Absorption. Phys. Rev. 1948, 73 (7), 679–712. 
(65)  Woods, W. S.; Boettcher, J. M.; Zhou, D. H.; Kloepper, K. D.; Hartman, K. L.; Ladror, D. 
T.; Qi, Z.; Rienstra, C. M.; George, J. M. Conformation-Specific Binding of α-Synuclein to 
Novel Protein Partners Detected by Phage Display and NMR Spectroscopy. J. Biol. Chem. 
2007, 282 (47), 34555–34567. 
(66)  Grzesiek, S.; Bax, A. An Efficient Experiment for Sequential Backbone Assignment of 
Medium-Sized Isotopically Enriched Proteins. J. Magn. Reson. 1969 1992, 99 (1), 201–
207. 
(67)  Grzesiek, S.; Bax, A. Correlating Backbone Amide and Side Chain Resonances in Larger 
Proteins by Multiple Relayed Triple Resonance NMR. J. Am. Chem. Soc. 1992, 114 (16), 
6291–6293. 
(68)  Schanda, P.; Brutscher, B. Very Fast Two-Dimensional NMR Spectroscopy for Real-Time 
Investigation of Dynamic Events in Proteins on the Time Scale of Seconds. J. Am. Chem. 
Soc. 2005, 127 (22), 8014–8015. 
(69)  Uéda, K.; Fukushima, H.; Masliah, E.; Xia, Y.; Iwai, A.; Yoshimoto, M.; Otero, D. A.; 
Kondo, J.; Ihara, Y.; Saitoh, T. Molecular Cloning of cDNA Encoding an Unrecognized 
Component of Amyloid in Alzheimer Disease. Proc. Natl. Acad. Sci. 1993, 90 (23), 11282–
11286. 
(70)  Deleersnijder, A.; Gerard, M.; Debyser, Z.; Baekelandt, V. The Remarkable 
Conformational Plasticity of Alpha-Synuclein: Blessing or Curse? Trends Mol. Med. 2013, 





THE BINDING OF WILDTYPE α-SYNUCLEIN 
AND ITS MUTANTS TO VESICLE-MIMIC 
NANOPARTICLES  
4.1 Abstract 
Gold nanoparticles (Au NPs) have been shown to be a viable platform to study adsorption 
of biomolecules to highly curved surfaces. In addition, the reactivity of the gold surface allows 
for precise control over the surface chemistry of Au NPs. Here, we create SDS coated Au NPs 
which mimic bilayer vesicle architecture in order to study the binding of the protein α-synuclein 
(α-syn) and two of its mutants. By incorporating a metal NP core, we are able to fix the curvature 
of the vesicle mimic, ensuring that there is no reshaping of the vesicle upon protein binding, 
which has been widely observed in the case of α-synuclein. Through optical and proteomic 
techniques, we are able to discern how radii of curvature affect α-syn’s conformation on SDS Au 
NPs, and identify the ways in which point mutations of α-syn change its binding.  
4.2 Introduction 
A characteristic of α-syn that was briefly mentioned but not discussed in-depth is its high 
affinity for anionic phospholipid vesicles. Under normal physiological conditions, α-syn remains 
in a monomeric unordered form, without any secondary structure. However, in the presence of 
phospholipid vesicles, α-syn forms a complex with the vesicles in which the protein exhibits a 
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large amount of α-helical character, and binds the vesicle tightly.
1–3
 Due to this, it has been 
thought that α-syn is involved in the trafficking and regulation of synaptic vesicles, and plays an 
important role in brain mechanisms.
4–6
 In fact, mice that do not express α-syn have been shown 
to have certain cognitive functions impaired.
7,8
 Because of this, there has been numerous studies 
performed on understanding how α-syn interacts with anionic vesicles, and the conformations 
that the protein takes when binding to vesicles with different physical characteristics.
9–14
 These 
studies include numerous variables such as point mutations of α-syn and vesicle composition and 




One phenomenon regarding α-syn’s interaction with membranes is its ability to induce  
physical changes to the membranes.
18–23
 Fink and coworkers observed using AFM defects in 
planar lipid bilayers caused by the binding of both monomeric and fibrillar α-syn.
24
 Varkey et al. 
noted the same behavior, through direct observation of lipid vesicles imaged with fluorescence 
microscopy, as well as electron microscopy techniques.
19
 They concluded that the re-shaping of 
vesicles takes place within a matter of seconds. Mizuno et al. also presented evidence of α-syn 
re-shaping vesicles.
21
 Through cryogenic electron microscopy (which captures structures as they 
exist in solution), they showed that spherical vesicles were warped into cylindrical micelles upon 
the addition of α-syn. This feature of α-syn presents difficulty in performing experiments relating 
to the size-dependence of binding to phospholipid vesicles. Due to this, it has been difficult to 
decipher whether the native function of α-syn is to generate curvature in membrane vesicles, or 
to sense the curvature of vesicles.
25,26
  
An aspect of α-syn crucial to the development of PD is the presence of familial point 
mutations.
27,28
 In families with a history of PD, a number of common mutations to α-syn have 
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been identified, all of which impart changes to the protein’s behavior and physical 
characteristics.
29–35
 One such effect caused by mutation is the fibrillation characteristics of 
mutant α-syn. The A30P mutant has been identified to form fibrils slower than wildtype α-syn, 
yet adopts the same structure.
36
 On the other hand, mutations such as A53T and E46K can 
accelerate α-syn aggregation in vitro.
37,38
 Additionally, single amino acid replacements can affect 
the surrounding biological processes as well. For example, it was noted by Cuervo et al. that 
pathogenic mutants of α-syn interfere with normal α-syn degradation pathways.
39
 The A30P and 
A53T mutants inhibited uptake of α-syn into the lysosome, eliminating the cell’s ability to 
degrade the protein.  
Here, we incorporate Au NPs into the study of α-syn’s binding to NPs exhibiting 
different radii of curvature. Previously, NPs have been used as an adsorption platform to study 
protein conformation and activity on the surface of the NP.
40–43
 One advantage that using Au 
NPs offers is the reactive surface available for further chemical modification after synthesis, 
allowing the creation of precise surface chemistries.
44
 To better understand the behavior of 
wildtype and mutant α-syn in the presence of vesicles, Au NPs which imitate the architecture of 
phospholipid vesicles were created. Using the Au NP as a scaffold on which the vesicle mimic is 
built affords two main advantages: the radius of curvature of the mimic can be controlled with 
great precision, and the ability of α-syn to reshape the vesicle is removed. Both aspects are 
difficult (if not impossible) to achieve when only using phospholipids to build vesicles. By 
removing α-syn’s ability to remodel membranes, we can observe the affinity of α-syn towards 
different membrane curvatures and shed light on α-syn’s native function. This could lead to 
deeper knowledge of how α-syn relates to the trafficking of neurotransmitter vesicles and its role 
in the endocytosis and/or exocytosis of membranes. Information about these aspects of α-syn can 
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allow for a greater understanding of mechanisms by which Parkinson’s disease develops, which 
would take the scientific community one step closer to being able to solve this disease.  
Previously, we have used Au NPs as a platform for wildtype α-syn adsorption. It was 
determined that α-syn attaches to anionic citrate Au NPs via its N-terminus, and retains its 
unordered structure.
45,46
 When adsorbed to cationic poly(allylamine hydrochloride (PAH) Au 
NPs, α-syn caused reversible agglomeration, rendering standard optical techniques unable to 
ascertain information on the system.
47
 However, when an alternate cationic ligand, (16-
mercaptohexadecyl) trimethylammonium bromide (MTAB), was used, agglomeration was not 
observed, and data suggested that α-syn attached to MTAB Au NPs via its C-terminus.
46
 These 
results demonstrate the viability of using Au NPs as an adsorption platform for insight into 
protein behavior. In this study, we examine effects of the radius of curvature of lipid mimic Au 
NPs on the binding and conformation of α-syn. We also highlight the effects of point mutations 
by comparing the results from wildtype α-syn with A30P and E46K α-syn mutants.   
4.3 Materials and Methods 
The materials used in Au NP synthesis (chloroauric acid, trisodium citrate, and 
hydroquinine) were purchased from Sigma-Aldrich and used without further purification. Glu-C 
used in protein digestion was purchased from Worthington Biochemical Corporation. The buffer 
used in all experiments (unless otherwise stated) was 10 mM sodium phosphate buffer with a pH 
= 7. Absorbance spectra used to determine NP concentration were collected on a Cary 5000 UV-
Vis-NIR spectrophotometer. Dynamic Light Scattering (DLS) measurements were taken on a 
Brookhaven Instruments Corporation DLS. Circular Dichroism (CD) spectra were collected on 
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an Olis DSM17. LC/MS and mass spectrometry were performed on a Thermo Dionex Ultimate 
RSLC3000 and Thermo LTQ Fusion Orbitrap, respectively.  
4.3.1 Synthesis of Gold Nanoparticles 
20 nm Au NPs were synthesized by the Turkevich method utilizing trisodium citrate and 
chloroauric acid (HAuCl4) (Figure 4.1). Briefly, 2.5 mL of 0.01 mM HAuCl4 was added to 97.5 
mL of water, and the mixture was brought to a rolling boil. Then, 2 mL of 5% trisodium citrate 
(w/w) was added to initiate reduction of gold salt, and the reaction was allowed to proceed for 30 
minutes. Then, the heat was turned off and the solution was allowed to cool to room temperature 
before cleaning via centrifugation for 20 minutes at 8,000 rcf.  
Larger NPs were created by the hydroquinone reduction method (Figure 4.1).
48
 12 nm 
citrate Au NPs were created to use as gold seeds (which were made using the same procedure for 
20 nm Au NPs except 3 mL of 1% trisodium citrate w/w was added). 1 mL of 1% w/w HAuCl4 
was centrifuged at 18,000 rcf for 1 hr before being added to 100 mL of H2O. A predetermined 
amount of 12 nm citrate seeds was added to act as nucleation points, and 220 μL of 1% (w/w) 
trisodium citrate as also added for increased particle stability. Then, reduction was started by 
adding 1 mL of 0.033 M hydroquinone dissolved in H2O. The solution quickly changed color, 
and was allowed to sit for no more than 3 hrs before cleaning via centrifugation. Centrifugation 
speeds depended on the final size of the NP.  
4.3.2 SDS-coating of Gold Nanoparticles 
SDS coated NPs (otherwise known as SDS Au NPs) were created to represent an anionic 
phospholipid, which contains a negatively charged surface, and a hydrophobic region. Briefly, 20 
nm citrate NSs (or equivalent surface area of other size NPs) was diluted to 3.6 nM in 5 mL of 
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0.2 mg/mL thiol-PEG, MW 5000 in H2O. The ligand exchange was allowed to proceed for at 
least 20 minutes, before 2 mL of chloroform was added and the mixture placed into the 
centrifuge for phase transfer. The solution was centrifuged for 20 minutes at a speed appropriate 
for the size of NP, whereby the NSs were transferred to the organic phase. The organic phase 
containing the NPs was removed, and 60 μL of 100 x diluted dodecanethiol (C12SH) was added 
to displace the PEG. This procedure was allowed to take place overnight, before the NPs were 
centrifuged and the supernatant containing excess ligand was removed. The NPs were re-
dispersed in the same amount of solvent, and another 60 μL of 100 x diluted C12SH was added. 
After another overnight incubation, the NPs were centrifuged twice, with the supernatant being 
removed each time and replaced with chloroform. Then, 1 mL of 10 mg/mL SDS in ethanol was 
added to the NPs, and the entire mixture was dried in vacuo overnight. Following the removal of 
solvent, 6 mL of 10 mM sodium phosphate buffer (pH 7) was added, and the solution sonicated 
for 25 min. After sonication, the NPs were cleaned via two rounds of centrifugation, with the 
supernatant removed after each round of centrifugation and replaced with buffer. The final 
concentration of SDS coated NPs was determined using UV-Vis spectroscopy.  
4.3.3 Production of α-Synuclein 
Production of wildtype, A30P, and E46K AS protein was begun with a fresh 
transformation of the corresponding pET28a expression plasmid into E. coli BL21(DE3).  The 
cells were grown in LB medium containing 2 mM MgSO4, 0.2x Studier trace metals and 60 
μg/ml kanamycin, to a density of A600= 2.5.
49
  Expression was induced with 0.5 mM IPTG, and 
growth continued at 37°C for 4 hours.  The cell density at harvest was A600=5.  Cell lysis, heat 
denaturation, and ammonium sulfate precipitation all followed the protocol of Kloepper et al.
50
  
Precipitated AS protein deriving from 1 L of cell culture was resolubilized in 20 mM Tris-HCl, 
117 
 
20 mM NaCl, pH 8, and loaded on a QFF anion-exchange column, followed by gel filtration on 
Sephacryl-S200 HR, as described in Lin et al.
46
  The yield of purified AS was 80 mg per liter of 
culture medium.  
4.3.4 Dynamic Light Scattering Measurements of Gold Nanoparticles 
Titrations began with either 0.5 nM of 20 nm SDS Au NPs, 0.22 nM 30 nm SDS Au NPs, 
0.10 nM 45 nm SDS Au NPs, 0.048 nM 65 nm SDS Au NPs, or 0.022 nM 95 nm SDS Au NPs, 
with known amounts of α-syn being added for each data point. α-Syn was incubated with the 
NPs for at least 3 minutes before the measurement was taken at α-syn concentrations of 0 nM, 
9.8 nM, 19.6 nM, 29,4 nM, 39.1 nM, 48.6 nM, 67.7 nM, 86.2 nM, 99.9 nM, 135.9 nM, 179.4 
nM, 265.7 nM, and 342.1 nM. The association constant (Ka) was calculated by fitting a 
Langmuir adsorption isotherm to a plot of the change in hydrodynamic diameter (nm) vs. 
concentration α-syn (nM). The Ka’s shown are an average of at least 3 different measurements 
taken on NPs that were made fresh from gold salt every time.  
4.3.5 Circular Dichroism of α-Synuclein on Gold Nanoparticles 
200 μL of 2 μM α-syn and 4 nM of 20 nm SDS Au NPs (or the equivalent surface area of 
differently sized NPs) were incubated overnight at 4 °C in 10 mM sodium phosphate buffer (pH 
7). Following incubation, the solutions were centrifuged for 20 min at an appropriate speed 
which flocculates the NPs. Then, the supernatant containing excess protein was removed, and the 
NPs re-dispersed back to 200 μL. CD data was collected from 240 – 190 nm (at increments of 
0.2 nm) at 4 °C with a bandwidth of 8 nm. Prior to each measurement, the cuvette was cleaned 
with aqua regia and rinsed thoroughly with H2O. Each dataset consists of an average of 50 scans, 
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4.3.6 Digestion of α-Synuclein on Gold Nanoparticles 
At least 5 μg of α-syn in 200 μL of buffer was incubated with 18 nM of 20 nm SDS Au 
NPs (or the equivalent surface area of differently sized NPs) overnight at 4 °C. Following this, 
excess protein was removed by centrifuging the NPs, discarding the top 180 μL of the 
supernatant, and adding the same volume of 10 mM ammonium bicarbonate buffer (pH 7). The 
centrifugation process was repeated again for a total of two washings, each time replacing the 
discarded volume with 10 mM ammonium bicarbonate buffer. After washing, 25 ng of Glu-C 
was added to the solution, and the digestion proceeded for 30 minutes at 25 °C. Following 
digestion, the mixture was centrifuged one final time, and the top 150 μL of the solution was 
analyzed using LC /MS.  
LC/MS was performed using a Thermo Dionex Ultimate RSLC3000 operating in nano 
mode at 300 microliters/min with a gradient from 0.1% formic acid to 60% acetonitrile + 0.1% 
formic acid in 60 minutes. The trap column used was a Thermo Acclaim PepMap 100 (100 µm x 
2 cm) and the analytical column was a Thermo Acclaim PepMap RSLC (75 µm x 15 cm). 2 
micrograms of the digested peptides were loaded per injection. Mass spectrometry was 
performed using data dependent MS/MS analysis on the top ten most intense ions detected in the 
precursor scan mode.  Previously detected ions were automatically excluded for 60 seconds to 
allow deeper coverage of the less abundant ions. The Xcalibur raw file was converted by Mascot 
Distiller into peaklists that were submitted to an in-house Mascot Server and searched against 
specific NCBI-NR protein databases. 
119 
 
4.4 Results  
Spherical Au NPs of different diameters (and therefore different radii of curvature) were 
created to mimic phospholipid vesicles (Figure 4.1). The main features of a phospholipid vesicle 
are its anionic headgroup and its hydrophobic layer, which consists of the lipid molecule tails. 
Our SDS functionalization method yields SDS Au NP containing both of those characteristics, 
allowing them to serve as legitimate mimics for phospholipid vesicles (Scheme 4.1). SDS 
coating was confirmed through ζ-potential measurements, where only NP solutions exhibiting ζ-
potentials more negative than -30 mV were used. While citrate capped Au NPs also show 
negative ζ-potentials, the transfer step through chloroform can only happen when citrate 
stabilizing molecules have been displaced by PEG, which shows a ζ-potential of close to 0 mV. 
Light scattering measurements of SDS Au NPs show no aggregation and good monodispersity, 
further confirming the stability of these NPs (Figure 4.2).   
4.4.1 Calculation of Association Constants by Light Scattering Titrations 
Measuring the change in hydrodynamic diameter as a function of protein titrated into NP 
solutions allows for estimation of association constants by fitting the data to a Langmuir 
adsorption isotherm. In our titration experiments, an increase of between 10 nm and 15 nm of the 
hydrodynamic diameter was observed upon saturation of the NP surface by α-syn, signifying 
binding interactions occurring between α-syn and SDS Au NPs. In all cases, a plateau was 
observed at the end of the titration, signifying Langmuir adsorption-like behavior (Figure 4.3-
11). Furthermore, previous approximations of α-syn as a sphere with a diameter of 5.3 nm show 
that saturation of the NP surface happens at monolayer conditions according to the increases 
observed in hydrodynamic diameter.
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Figure 4.1 TEM micrographs showing the sizes of NPs used to model vesicles. The sizes (as 
determined by analyzing the area of at least 100 NPs) are a) 20 nm, b) 30 nm, c) 45 nm, d) 65 





Scheme 4.1 Procedure for SDS coating of Au NPs began with citrate-capped Au NPs. a) A 10 
mL solution of 1 m g/mL of PEG-thiol (MW=5,000) and either 3.6 nM of 20 nm Au NPs, 1.6 
nM of 30 nm Au NPs, 0.71 nM of 45 nm Au NPs, 0.34 nM of 65 nm Au NPs, or 0.16 nM of 95 
nm Au NPs were incubated for 30 minutes. b) Then, 2 mL of CHCl3 was added, and a separation 
of the phases was observed. The PEG-Au NPs were transferred to the organic phase via 
centrifugation, and the aqueous phase was discarded. c) 0.5 mg of C12SH was added to the 
solution, which was allowed to incubate overnight in order to displace PEG to make C12SH-Au 
NPs. Following overnight incubation, C12SH-Au NPs were centrifuged, the supernatant 
discarded and the NPs re-suspended to the original volume of CHCl3. Another 0.5 mg of C12SH 
was added to ensure complete displacement of remaining PEG molecules, followed by another 
overnight incubation. d) C12SH-Au NPs were subject to another two rounds of centrifugation to 
remove excess ligands, and 10 mg SDS in ethanol was added. e) The solvents were then removed 
in vacuo overnight. f) 6 mL of 10 mM sodium phosphate buffer was added to re-hydrate the 
sample, which was then sonicated for 30 minutes to ensure uniform SDS coating around NPs. 




Figure 4.2 Light scattering histogram of a) 20 nm, b) 30 nm, c) 45nm, d) 65 nm, and e) 95 nm 





Figure 4.3 DLS titration data of wildtype α-syn (batch 1/3) to a) 0.50 nM 20 nm SDS Au NPs, 
b) 0.22 nM 30 nm SDS Au NPs, c) 0.10 nM 45 nm SDS Au NPs, d) 0.048 nM 65 nm SDS Au 
NPs, and e) 0.022 nM 95 nm SDS Au NPs. The data are fit with a Langmuir adsorption isotherm 





Figure 4.4 DLS titration data of wildtype α-syn (batch 2/3) to a) 0.50 nM 20 nm SDS Au NPs, 
b) 0.22 nM 30 nm SDS Au NPs, c) 0.10 nM 45 nm SDS Au NPs, d) 0.048 nM 65 nm SDS Au 
NPs, and e) 0.022 nM 95 nm SDS Au NPs. The data are fit with a Langmuir adsorption isotherm 





Figure 4.5 DLS titration data of wildtype α-syn (batch 3/3) to a) 0.50 nM 20 nm SDS Au NPs, 
b) 0.22 nM 30 nm SDS Au NPs, c) 0.10 nM 45 nm SDS Au NPs, d) 0.048 nM 65 nm SDS Au 
NPs, and e) 0.022 nM 95 nm SDS Au NPs. The data are fit with a Langmuir adsorption isotherm 






Figure 4.6 DLS titration data of A30P α-syn (batch 1/3) to a) 0.50 nM 20 nm SDS Au NPs, b) 
0.22 nM 30 nm SDS Au NPs, c) 0.10 nM 45 nm SDS Au NPs, d) 0.048 nM 65 nm SDS Au NPs, 
and e) 0.022 nM 95 nm SDS Au NPs. The data are fit with a Langmuir adsorption isotherm 





Figure 4.7 DLS titration data of A30P α-syn (batch 2/3) to a) 0.50 nM 20 nm SDS Au NPs, b) 
0.22 nM 30 nm SDS Au NPs, c) 0.10 nM 45 nm SDS Au NPs, d) 0.048 nM 65 nm SDS Au NPs, 
and e) 0.022 nM 95 nm SDS Au NPs. The data are fit with a Langmuir adsorption isotherm 





Figure 4.8 DLS titration data of A30P α-syn (batch 3/3) to a) 0.50 nM 20 nm SDS Au NPs, b) 
0.22 nM 30 nm SDS Au NPs, c) 0.10 nM 45 nm SDS Au NPs, d) 0.048 nM 65 nm SDS Au NPs, 
and e) 0.022 nM 95 nm SDS Au NPs. The data are fit with a Langmuir adsorption isotherm 





Figure 4.9 DLS titration data of E46K α-syn (batch 1/3) to a) 0.50 nM 20 nm SDS Au NPs, b) 
0.22 nM 30 nm SDS Au NPs, c) 0.10 nM 45 nm SDS Au NPs, d) 0.048 nM 65 nm SDS Au NPs, 
and e) 0.022 nM 95 nm SDS Au NPs. The data are fit with a Langmuir adsorption isotherm 





Figure 4.10 DLS titration data of E46K α-syn (batch 2/3) to a) 0.50 nM 20 nm SDS Au NPs, b) 
0.22 nM 30 nm SDS Au NPs, c) 0.10 nM 45 nm SDS Au NPs, d) 0.048 nM 65 nm SDS Au NPs, 
and e) 0.022 nM 95 nm SDS Au NPs. The data are fit with a Langmuir adsorption isotherm 





Figure 4.11 DLS titration data of E46K α-syn (batch 3/3) to a) 0.50 nM 20 nm SDS Au NPs, b) 
0.22 nM 30 nm SDS Au NPs, c) 0.10 nM 45 nm SDS Au NPs, d) 0.048 nM 65 nm SDS Au NPs, 
and e) 0.022 nM 95 nm SDS Au NPs. The data are fit with a Langmuir adsorption isotherm 




isotherm which describes changes in hydrodynamic diameter (DH) as function of protein 
concentration and association constant (Ka). 




In this model, the association constant (Ka) describing the tightness of binding between 
α-syn and the SDS Au NP. We observed that all systems, regardless of NP size and protein 




 (Figure 4.12).  
4.4.2 Analysis of Protein Secondary Structure by Circular Dichroism 
Circular Dichroism (CD) is a tool used in part for the study of protein structural 
conformations. By monitoring the difference in absorption of polarized light in the far-UV, 
changes to the secondary structure of proteins as a function of external variable such as 
temperature and pH can be quantified. Here, we use CD to determine the effect on the secondary 
structure of α-syn when it binds to SDS Au NPs of different sizes. The purification procedures 
performed before taking CD measurements ensure that the majority of CD signals arise from 
protein bound on the surface of the NP, without significant contribution from free unbound 
protein. Therefore, the data collected is a good indication of the protein’s behavior on the surface 
of the NP. In order to quantify the contribution of different secondary structures to the protein’s 
conformation, CD data were fit using the Secondary Structure Neural Network (SSNN).
51
 This 
allows for estimations of the fraction of α-helix, β-sheet, and random coil characteristics that 
make up a protein’s overall structure.   
α-Syn and its corresponding mutants exist as unstructured proteins in physiological 




Figure 4.12 Association constants (Ka) of wildtype, A30P, and E46K α-syn as calculated by 
DLS titrations plotted against SDS Au NP diameter (nm). The Ka’s reported here are an average 




NPs. One general observation made from the CD data presented is that upon binding to SDS Au 
NPs, all α-syn variants lose a large portion of their random structure and remain roughly 50% 
structured after binding. When wildtype α-syn is incubated with increasing sizes of SDS Au NPs, 
there is a clear increase in the percentage of α-helix structure that the protein is adopting, which 
levels out at approximately 30% with NPs larger than 65 nm (Figure 4.13). Similarly, the amount 
of β-sheet content also increases upon incubation with SDS Au NPs, albeit in a more sporadic 
manner. The fits as calculated by the SSNN report that when wildtype α-syn is bound to 30 nm 
SDS Au NPs, it displays the highest β-sheet content than any other NP size. As the NP size is 
increase, however, the β-sheet content of bound wildtype α-syn decreases to a percentage lower 
than the α-helix character, suggesting that the preferred conformation of α-syn on larger NPs is 
more α-helical than β-sheet character. Indeed, when bound to 65 nm and 95 nm SDS Au NPs, the 
percentages of α-helical and β-sheet structure for wildtype α-syn are 30% and 17%, and 28% and 
20%, respectively.   
When the A30P mutant of α-syn is bound to SDS Au NPs of increasing size, we note that 
the secondary structure fractions shown are noticeably different from the observations of 
wildtype α-syn (Figure 4.14). The most significant difference is the α-helical character shown by 
A30P α-syn when it is bound to smaller sized NPs, particularly NPs 20 – 30 nm in diameter. 
While wildtype α-syn showed slowly increasing α-helical character with increasing NP size, 
A30P α-syn shows the highest α-helical character when bound to 30 nm SDS Au NPs. From our 
calculations, when A30P α-syn is bound to 30 nm SDS Au NPs, 32% of its structural content is 
α-helical. This number drops to 26% - 27% when the NP size is either decreased to 20 nm, or 





Figure 4.13 Secondary Structure Fraction estimations of wildtype α-syn incubated with different 
sizes of SDS Au NPs. 200 μL of 2 μM α-syn in 10 mM sodium phosphate buffer (pH 7) is 
incubated with either 4.32 nM of 20 nm SDS Au NPs, 1.92 nM of 30 nm SDS Au NPs, 0.85 nM 
of 45 nm SDS Au NPs, 0.41 nM of 65 nm SDS Au NPs, or 0.19 nM of 95 nm SDS Au NPs at 4 
°C overnight before unbound α-syn is removed via centrifugation and replaced with 10 mM 
sodium phosphate buffer (pH 7). Random coil: purple, α-helix: brown, β-sheet: orange. A NP 





Figure 4.14 Secondary Structure Fraction estimations of A30P α-syn incubated with different 
sizes of SDS Au NPs. 200 μL of 2 μM α-syn in 10 mM sodium phosphate buffer (pH 7) is 
incubated with either 4.32 nM of 20 nm SDS Au NPs, 1.92 nM of 30 nm SDS Au NPs, 0.85 nM 
of 45 nm SDS Au NPs, 0.41 nM of 65 nm SDS Au NPs, or 0.19 nM of 95 nm SDS Au NPs at 4 
°C overnight before unbound α-syn is removed via centrifugation and replaced with 10 mM 
sodium phosphate buffer (pH 7). Random coil: purple, α-helix: brown, β-sheet: orange. A NP 
size of 0 nm refers to unbound protein in the absence of NPs.  
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α-helical content, showing a local minimum of 15% on 30 nm NPs.  As is the case with wildtype 
α-syn, the fraction of random structure remains approximately 50% despite the NP size.  
The structural changes that E46K α-syn undergoes upon binding to SDS Au NPs is 
similar to what we observe from wildtype α-syn, save for the increase in β-sheet structure when 
bound go 30 nm NPs (Figure 4.15). The α-helical character of E46K α-syn also reaches a plateau 
faster than wildtype α-syn, as do random coil and β-sheet structure percentages. In other words, 
the α-helical character of E46K increases more rapidly with smaller NP sizes. Specifically, when 
E46K α-syn is bound to 20 nm SDS Au NPs, we calculate 25% α-helical character by its CD 
trace. In contrast, when wildtype α-syn is under the same conditions, it shows only 14% α-helical 
character. Similarly, E46K α-syn shows 31% α-helical character on 30 nm NPs, as opposed to 
the 17% displayed by wildtype α-syn on 30 nm NPs.  
4.4.3 Mass Spectrometry Analysis of Peptide Fragments 
In order to gain further insight into the conformation and orientation of α-syn on the 
surface of SDS Au NPs, a partial enzyme digestion coupled with MS analysis of peptide 
fragments was performed. The observed fragments represent portions of the protein that are more 
exposed, and therefore readily available as digestion sites. As glutamic acid residues are found 
throughout α-syn, digestion with Glu-C is a good indicator of the conformation of α-syn in its 
bound state. All digestion data is reported as the difference from the root mean square of the 
digestion pattern of unbound α-syn (or its relevant mutant), which allows for an accurate 
conclusion to be drawn about how α-syn is situated on the NP surface. Protein digestion took 
place in ammonium bicarbonate buffer to inactivate Glu-C’s affinity for aspartic acid residues, 




Figure 4.15 Secondary Structure Fraction estimations of E46K α-syn incubated with different 
sizes of SDS Au NPs. 200 μL of 2 μM α-syn in 10 mM sodium phosphate buffer (pH 7) is 
incubated with either 4.32 nM of 20 nm SDS Au NPs, 1.92 nM of 30 nm SDS Au NPs, 0.85 nM 
of 45 nm SDS Au NPs, 0.41 nM of 65 nm SDS Au NPs, or 0.19 nM of 95 nm SDS Au NPs at 4 
°C overnight before unbound α-syn is removed via centrifugation and replaced with 10 mM 
sodium phosphate buffer (pH 7). Random coil: purple, α-helix: brown, β-sheet: orange. A NP 
size of 0 nm refers to unbound protein in the absence of NPs.  
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residues cleaves the protein into peptide fragments whose molecular weights are below the 
detection limit of the LC/MS. 
The digestion pattern of all three α-syn variants (wildtype, A30P, E46K) on SDS Au NPs 
shows a general trend of the inaccessibility of the N-terminus to digestion, while the C-terminus 
is readily exposed to Glu-C (Figure 4.16, 4.17, 4.18). Peptide fragments from Glu-105 to Ala-
140 are seen much more frequently than when free α-syn is digested, suggesting that that region 
of the protein is located farther away from the NP when α-syn is bound. However, there remain 
observable differences between the digestions of α-syn on different NP sizes and between 
mutants that can hint at specific conformational properties of bound α-syn. In the digestion 
pattern of wildtype α-syn bound to SDS Au NPs, the particular peptide Gln-62 to Gly-83 is less 
digested when the protein is bound to NPs ranging from 30 nm to 65 nm (Figure 4.16). It should 
be noted that these residues fall into the non-amyloid-β component (NAC) region of the protein, 
made up of mostly hydrophobic amino acid residues. Moreover, the fragment Met-1 through 
Glu-13 was digested more when wildtype α-syn was bound to 20 nm NPs. In all other NP sizes, 
that same fragment was observed at the same frequency, if not less, as when unbound wildtype 
α-syn was subjected to digestion.   
When we consider the digestion of A30P α-syn on SDS Au NPs, it is clear that the N-
terminus is more protected from digestion than when wildtype and E46K α-syn are bound to 
SDS Au NPs (Figure 4.17). A30P α-syn displays different conformational characteristics when 
bound to 20 nm SDS Au NPs than wildtype α-syn in its central region from Gln-62 to Glu-83, 
and from Gly-111 to Ala-140. The region from Gln-62 to Glu-83 is more frequently observed, 
suggesting that it is not bound as tightly to the NP. Moreover, peptide fragments ranging from 




Figure 4.16 Digestion pattern of wildtype α-syn on SDS Au NPs. The data represent the 
difference in peptide fragments occurrences between free α-syn and α-syn bound to SDS Au 




Figure 4.17 Digestion pattern of A30P mutant α-syn on SDS Au NPs. The data represent the 
difference in peptide fragments occurrences between free α-syn and α-syn bound to SDS Au 





Figure 4.18 Digestion pattern of E46K mutant α-syn on SDS Au NPs. The data represent the 
difference in peptide fragments occurrences between free α-syn and α-syn bound to SDS Au 




potentially meaning that the C-terminal region of A30P α-syn is not as loosely bound to 20 nm 
SDS Au NP when compared to the wildtype protein and also other NP sizes. Another conclusion 
from the digestion pattern of the A30P mutant bound to SDS Au NPs is the high occurrence of 
the two peptides fragments Ala-29 to Glu-35 and Gly-36 to Glu-46, especially on larger NP 
sizes. When A30P α-syn is bound to 45 nm, 65 nm, and particularly 95 nm SDS Au NPs, the two 
peptide fragments are detected with greater frequency. The A30P point mutation falls in this area 
of the protein, likely causing different behaviors upon binding. However, the C-terminal region 
of A30P α-syn behaves similarly to its wildtype and E46K counterparts, in that the region of the 
protein from Gly-106 to Ala-140 is readily digested by Glu-C when the protein is bound to SDS 
Au NPs of sizes 30 – 95 nm.  
The digestion pattern of E46K α-syn reveals further differences in binding caused by 
point mutations of α-syn (Figure 4.18). One such difference is the drastic reduction of 
accessibility of peptides Lys-21 through Glu-29 and Ala-30 through Glu-35 to Glu-C digestion 
across all NP sizes. Compared to the digestion pattern of free E46K α-syn, these two particular 
fragments are observed at a much lower frequency. Although this falls within the general trend 
of α-syn’s binding to SDS Au NPs, the difference in occurrence is markedly greater than what is 
observed in other similar contexts. When E46K α-syn is bound to 20 nm SDS Au NPs, it 
displays a behavior similar to the A30P mutant, in that the peptide fragment Gln-62 to Glu-83 is 
more exposed away from the NP surface. Another similarity between the binding behaviors of 
these two mutants is the decreased digestion of the protein from Gly-106 to Ala-140. However, 
one major difference that sets them apart is the observation of a high number of Met-1 through 





In this study, we examine the effects of radius of curvature on α-syn binding, as well as 
the effects of two different point mutations: Ala-30 to Pro-30, and Glu-46 to Lys-46. The A30 P 
and E46K mutations of α-syn were selected based on the physical changes to the protein 
imparted by the mutations, as well as their significance in the development of Parkinson’s 
disease. The A30P mutation of α-syn was first documented by Krüger et al. and has been noted 
to have slightly different fibrilization kinetics than wildtype α-syn.
36
 The substitution of proline 
in place of alanine is especially disruptive in α-helical structures, due to its inability to hydrogen 
bond, and the steric hindrance it poses to the natural α-helical turn. As the SDS Au NP presents a 
surface with a fixed radius of curvature, any difficulties in adsorption that are presented by a 
physical change to the protein’s structure will be highlighted. On the other hand, the E46K was 
characterized by Zarranz et al. This particular mutation has been found to aggregate more rapidly 
than wildtype α-syn, as well as bind anionic vesicles more tightly than other mutations of α-
syn.
16,31,38
 In addition to these, the E46K mutation of α-syn also causes a significant change to 
the protein’s physical properties. At physiological pH, a glutamic acid residue is negatively 
charged, while a lysine residue is positively charged. Replacing Glu-46 with Lys-46 alters the 
overall charge of the protein, which is especially significant because that portion of the protein 
consists of multiple charged residues, and is heavily involved with vesicle binding. When 
considering an anionic surface, this particular mutation is advantageous for binding in terms of 
electrostatic interactions since the original negatively charged glutamic acid would repel anionic 
surfaces.  
In order to investigate the tightness of binding between α-syn (wildtype and mutants) and 
SDS Au NPs, we titrated known amounts of protein into solutions of NP and monitored the size 
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using DLS. If the change is hydrodynamic diameter is plotted as a function of the amount of 
protein present, the curve can be fit with a Langmuir adsorption isotherm. Usage of the 
Langmuir isotherm makes multiple implies a number of assumptions, such as that all adsorption 
sites are equal, and that there are no interactions between adsorbates.
52
 While these assumptions 
are not perfectly true in the case of protein adsorption to NPs, the monolayer conditions in which 
these titrations are performed can be fairly accurately described by using this model. Using this 
method, we have calculated similar binding constants across all α-syn mutants, as well as all NP 
sizes. Previously, α-syn has been shown to be attracted to charged objects in other studies done 
by our group, and similar binding constants as the ones reported here have been calculated. By 
monitoring the change in hydrodynamic diameter as a function of protein concentration, Yang et 




 for the interactions between wildtype α-





by observing the shift in the plasmon frequency of 12 nm MTAB Au NPs as wildtype α-syn was 
incrementally added to the system.
46
 Both citrate and MTAB Au NPs have similar ζ-potential 
magnitudes as SDS Au NPs, yet our calculated values association constants for SDS Au NPs are 
roughly an order of magnitude higher (Figure 4.12). This may be due to the faster saturation of 
the NP surface due to the conformation that α-syn is taking. It has been well-documented that α-
syn binds anionic membranes by adopting α-helical conformations which span the surface of the 
membrane. We expect α-syn to interact in a similar manner with SDS Au NP membrane mimics, 
thus saturating the surface faster. Previously, NMR studies reported that α-syn retains its random 
structure when interacting with citrate and MTAB Au NPs, and binds to the NP with one end 
while the other end faces outwards. This is a marked difference from the proposed binding 
conformation on SDS Au NPs, and can explain the order of magnitude difference in association 
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constants between these studies. Furthermore, as the hydrodynamic diameter reaches a plateau at 
the end of the titration, we can conclude that there are no aggregation or agglomeration effects of 
the NPs caused by α-syn. This is in contrast to certain previously reported surface chemistries, 
where the hydrodynamic diameter showed large increases after a certain protein:NP ratio. 
Additionally, similar association constants suggest that a charged surface is the main attractive 
force, as opposed to specific radii of curvature.  
The attraction between α-syn and its mutants to anionic vesicles have been previously 
quantified through a number of techniques.
16,53
 In these studies, changes in binding constants as a 
function of vesicle size and protein mutation are observed, which is not congruent with the 
results reported here. For example, Middleton and Rhoades report that out of wildtype, A30P, 
and E46K α-syn, E46K α-syn exhibits the highest molar partition coefficient towards 93 nm 
anionic vesicles, one order of magnitude higher than the A30P mutant of α-syn.
16
 Furthermore, 
they discovered that the same constant for 46 nm vesicles was two orders of magnitude higher 
than 116 nm vesicles. This points to the potential importance of having deformable vesicles for 
the binding of α-syn and its mutants, and further highlights the effect of fixing the radius of 
curvature such that protein binding cannot perturb the structure of the vesicle. In order to more 
specifically explore the conformation of α-syn and its mutants at the surface of SDS Au NPs, we 
employed other techniques to glean more precise information from this system.  
CD data can be used to estimate the structure of the protein based on the difference in 
absorbance of polarized light in the far-UV. In order to estimate the composition of secondary 
structures of proteins, CD traces can be fitted using algorithms such as SSNN.
51
 When we apply 
this to the CD traces of α-syn on SDS Au NPs, we generally observe that roughly 50% of α-syn 
remains unstructured after binding to SDS Au NPs, regardless of protein mutation. This is in 
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agreement with previous studies which have examined the structure of α-syn upon binding to 
anionic vesicles. Amino acid residues ranging from the N-terminus of α-syn till approximately 
Leu-100 are involved in binding to anionic vesicles, while the rest of the protein remains 
unstructured and orientated away from the adsorption surface.
10,11,54
 The latter region would 
contribute random coil signal to the overall CD spectrum, which is consistent with our 
observations.  
Analysis of CD traces of A30P α-syn on SDS Au NPs reveals that the protein reaches a 
maximum α-helical percentage of 32% when bound to 30 nm NPs (Figure 4.14). This behavior is 
distinctly different than the α-helical character that wildtype α-syn shows (wildtype α-syn’s α-
helical character steadily increases with increasing NP size). We suspect this observation could 
be due to the physical deformation to A30P α-syn by the substitution of alanine for proline. 
Proline has been shown to introduce kinks into transmembrane α-helices, and therefore can 
affect the α-helix structure of A30P α-syn when it binds to a vesicle.
55,56
 This being so, the 
preferred radius of curvature for a proline-kinked α-helix would be larger than that of wildtype 
α-syn, which follows the CD data shown here. As NP size increases, the NP surface might 
become too flat for A30P α-syn’s kinked helix, reducing binding via α-helix structure and 
lowering α-helical character.  
An observation from CD measurements regarding the E46K mutation of α-syn is its rapid 
increase in α-helical content with increasing NP diameter, similar to A30P α-syn’s behavior 
(Figure 4.15). However, it differs from A30P α-syn in that the α-helical content steadily 
increases instead of decreasing over increasing NP size (in this sense, E46K α-syn behaves 
similarly to wildtype α-syn). It is likely that this could be due to the increased attraction to 
anionic surfaces imparted by the Glu-46 to Lys-46 mutation, promoting binding in an α-helical 
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pattern to highly curved surfaces. Previous independent studies done by Choi et al. and 
Middleton et al. have both reported the increased binding of E46K α-syn to phospholipid 
vesicles.
16,53
 Both groups conclude that the binding affinity of E46K to anionic vesicles are 
higher than wildtype and A30P α-syn across a range of vesicle sizes. Although SDS Au NPs 
cannot be reshaped like phospholipid vesicles, the initial attraction of the protein to the anionic 
surface remains similar, and can be used to explain the increased α-helical character displayed 
upon binding to NPs. Furthermore, unlike A30P α-syn, E46K α-syn’s α-helical binding is not as 
drastically affected, allowing it to retain its α-helical character when bound to larger NP sizes. 
Enzyme digestion of proteins on NPs has been previously used as a tool to ascertain 
protein binding orientation on Au NPs.
45,47
 For example, by observing the differences in peptide 
concentrations, Yang et al. were able to conclude that α-syn binds to anionic citrate NPs via its 
N-terminus.
45
 We later validated this result using multiple orthogonal techniques to probe the 
binding orientation of α-syn to citrate NPs.
46
 Analysis of peptide fragments using this technique 
can give more information than protein binding orientation; here, we use it to map the effect of 
radius of curvature and point mutations on the exposure of α-syn to enzyme digestion while 
bound to a NP. In this case, the NP surface is used as steric hindrance, meaning that portions of 
the protein that are less digestion are most likely located close to the surface of the Au NP, or 
within the bilayer structure of the ligand shell. Selected results of these experiments are 
summarized pictorially in Figures 4.19 and 4.20, which shows a “cross-section” cutout of α-
syn’s conformation based on the results of protein digestion and peptide analysis. 
In general, the trend observed across all protein mutations and NP sizes is that the N-
terminal region is protected from enzyme attack, while the portion of α-syn ranging from Glu-




Figure 4.19 “Cross-section” representations of a) wildtype, b) A30P, and c) E46K α-syn bound 
to 20 nm SDS Au NPs based on the likelihood of digestion as calculated from peptide analysis. 




Figure 4.20 “Cross-section” representations of a) wildtype, b) A30P, and c) E46K α-syn bound 
to 95 nm SDS Au NPs based on the likelihood of digestion as calculated from peptide analysis. 
The red line indicates the digestion frequencies of unbound α-syn.  
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agreement with previous studies done on the structure of α-syn bound to anionic micelles. Ulmer 
et al. determined the structure of wildtype α-syn bound to SDS micelles by NMR spectroscopy, 
and reported that Val-3 through Val-37 and Lys-45 through Thr-92 formed α-helices. 
Furthermore, they concluded that Asp-98 through Ala-140 existed as an “unstructured mobile 
tail”.
10
 Rao et al. used a combination of NMR and EPR spectroscopy to calculate the structure of 
α-syn bound to sodium lauroyl sarcosinate, a detergent whose headgroup chemistry is similar to 
SDS.
54
 Their structural calculations revealed that the unstructured tail of wildtype α-syn ranged 
from Phe-94 through Ala-140. As the nearest Glu-C digestion site is Glu-105, our observation is 
consistent with these previously reported calculations. We posit that the digestion levels of 
peptides within the range of Ala-124 through Ala-140 of α-syn bound to NPs is similar free α-
syn because in both scenarios the tail region of the protein is unstructured. Furthermore, there 
exists a region of highly protected amino acids near the N-terminus of the protein (Figures 4.19 
and 4.20). This behavior agrees very well with observations made by Fusco et al., where region 
of α-syn spanning amino acids 6 through 25 were identified as the membrane anchor that is 
responsible for the initial attachment of α-syn to anionic membranes regardless of membrane 
curvature and composition.
57
 Our results support this conclusion, as an anchoring region of the 
protein would be hidden from enzyme digestion, as reflected in our results. 
Our observations about the general behavior of the NAC region of α-syn are also 
consistent with previous reports regarding α-syn’s binding to vesicles. The NAC, or non-Aβ 
component, region of α-syn consists mainly of hydrophobic residues, and is generally considered 
to be the region from Glu-61 to Val-95. Given its hydrophobic nature, the NAC region has been 
thought to preferentially reside deeper in the tail region of bilayer vesicle structures.
58,59
 In our 
digestion experiments, this region of the protein is observed with low frequency when α-syn is  
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bound to NPs, meaning that these amino acids are protected from digestion by residing close to 
or inside the ligand shell. However, this trend does not hold when α-syn is bound to SDS Au NPs 
20 nm in diameter (Figure 4.19). Across wildtype and both α-syn mutations, the NAC region is 
observed in higher frequency than when unbound α-syn is digested; in fact, the A30P and E46K 
mutations of α-syn seemingly cause the digestion of this region to be promoted. We posit that 
this observation is due to the highly curved surface of a 20 nm NP, and that α-syn cannot 
physically bend itself enough to adhere to this radius of curvature. This type of conformation 
would not be observable using phospholipid vesicles, as α-syn has been shown simply to reshape 
vesicles upon binding.  
Performing digestion of A30P α-syn bound to SDS Au NPs reveals the effect of proline 
substitution and backbone kinking of α-syn on SDS Au NPs (Figure 4.14). In multiple 
independent studies, Ala-30 was identified to reside in the nonpolar region of the α-helix, 
meaning that it is buried within the hydrophobic tails of vesicles when wildtype α-syn is bound 
to membranes.
1,11
 We can see this behavior reflected in the digestion pattern of wildtype α-syn 
bound to all sizes of SDS Au NPs, as the region from Ala-30 to Glu-35 is less digested when 
compared to free α-syn. However, when Ala-30 is mutated to Pro-30, we see a drastic change in 
the protein’s binding conformation, especially on larger SDS Au NPs (Figure 4.20). We find that 
instead of being buried in the hydrophobic layer, the peptide Ala-30 to Glu-35 is more liable to 
digestion by Glu-C, meaning that it has been forced out of the hydrophobic layer and exposed in 
solution. This behavior could be attributed to the kink in this region of the protein forced by the 
proline amino acid, rendering A30P α-syn unable to conform its backbone structure to the small 
radius of curvature of larger NPs.  
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When digestion studies were performed on E46K α-syn bound to SDS Au NPs, we can 
see the effect of reversing a charge in the digestion pattern: peptides Lys-21 through Glu-29 and 
Ala-30 through Glu-35 are more ‘hidden’ from Glu-C attack when compared to wildtype and 
A30P α-syn (Figure 4.15). The E46K mutation is located near these portions of α-syn, suggesting 
that the favorable electrostatic attractions have brought those particular peptides closer to the NP 
surface, thus limiting enzymatic digestion at those sites. This is also support by our CD data, 
which reports a higher fraction of α-helicity of E46K α-syn bound to SDS Au NPs. Greater 
attraction between the anionic NP surface and the cationic mutation could lead to favorable 
binding as compared to other α-syn mutants. Unfortunately, as the E46K mutation removes a 
digestion site of Glu-C, data about the peptide containing the actual mutation cannot be collected 
by this method.  
Another observation regarding the binding of E46K α-syn is the increased inaccessibility 
of the NAC region of E46K α-syn when bound to NPs 30 nm and larger. Compared to wildtype 
and A30P α-syn digestion patterns, the peptide from Gln-62 to Glu-83 of E46K α-syn is more 
protected, suggesting that it is more buried within the hydrophobic region of the ligand shell. The 
significance of this behavior arises from the role which the NAC region plays in the aggregation 
of α-syn. The NAC peptide of α-syn has been shown to be heavily involved in aggregation 
processes, and indeed required for fibrillation.
60–63
 EPR spectroscopic studies performed by Chen 
et al. suggest that this region of aggregated α-syn is stacked favorable and tightly packed. 
Furthermore, the crystal structure of α-syn fibrils calculated using solid state NMR by Tuttle et 
al. also show that this region is incorporated into the core of the fibril. The placement of the 
NAC peptide in the core of fibrillar α-syn suggests that it might act as a nucleation point of sorts 
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to induce aggregation. Rendering this portion of the protein inaccessible could aid in the 
reduction of α-syn fibrillation.  
4.6 Conclusion 
In this report, we have studied the conformations of wildtype, A30P, and E46K α-syn on 
SDS coated Au NPs which mimic bilayer vesicle architecture. The differences in binding 
conformations were examined by DLS, CD, and partial enzyme digestion coupled with MS 
peptide analysis. We note that while NP curvature and α-syn mutations have minimal effect on 
the association constants of α-syn binding to SDS Au NPs, these changes can significantly alter 
the binding conformations of α-syn, as observed by CD and protein digestion. As this is the first 
instance of data on α-syn’s interactions with non-malleable membrane-like objects, we hope that 
it could contribute to the understanding of α-syn’s fundamental properties and behavior.  
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THE EFFECTS OF SURFACE CHEMISTRY AND 
NANOPARTICLE DIMENSIONS ON DEPOSITION 
ONTO WRINKLED SUBSTRATES 
5.1 Abstract 
Advancements in polymer substrate synthesis and modification have allowed for 
controlled deformation such as crumpling and wrinkling to create new substrate architectures. 
Crumpled and wrinkled surfaces present new opportunities that were not possible with flat 
materials. However, there has been little to no demonstration of control over deposition of 
nanoparticles onto textured surfaces. In this study, we observe the effects of NP surface 
chemistry on its deposition onto textured substrates, and tune various parameter spaces to 
achieve further control over NP deposition. We report robust deposition procedures for achieving 
high NP coverage in defined patterns, furthering the ability to create defined patterns without the 
use of lithographic techniques. We also discuss the applicability of this technology to create new 
hybrid materials by integrating atomically thin 2D materials such as graphene and molybdenum 
disulfide.  
5.2 Introduction 
The creation of polymer films exhibiting features on the micro- or nano-scale have been 
of interest due to their potential application in places ranging from the fabrication of microchips 
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to substrate designed for cell growth.
1,2
 Sophisticated techniques such as laser scanning or 
microimprinting have been used to obtain controllable and well-defined wrinkle patterns over 
significant sample sizes.
3,4
 Recently, approaches to creating similar types of features using 
simpler technology has emerged. By taking advantage of natural interactions between polymer 
layers, external stimuli such as heat or electrical fields can be used to induce the formation of 
wrinkles and crumples on the surface of polymeric substrates.
5–7
  
Gold nanoparticles (Au NPs) have been widely studied due to their strong interactions 
with light. Certain wavelengths of light can induce a collective oscillation of conduction band 
electrons at the Au NP surface, more commonly known as a plasmon resonance. The oscillation 
of electrons lead to generation of an electric field near the surface of the NP, which decays with 
distance. These electric fields have been shown to enhance Raman vibrations of nearby 
molecules, allowing for detection at lower concentrations. This phenomenon, known as surface 
enhanced Raman spectroscopy (SERS), has been applied in numerous sensing and tracking 
technologies. The use of wrinkled substrates to array plasmonic nanoparticles has been 




While all noble metal NPs exhibit plasmon resonances that generate electric fields 
suitable for SERS enhancement, the strength of the field depends on factors such as particle size 
and shape.
9
 In fact, the electric fields of nanorods (NRs) have been calculated to be at least an 
order of magnitude higher than that of similar-sized spheres.
10,11
 Stronger electric fields are 
essential to promoting SERS enhancement, and the effect of NP shape must be considered. 
While previous reports have showed SERS enhancement by a pattern of aligned spheres, the 
substitution of spheres for rods can promote SERS to detection of analytes at lower 
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concentrations. However, the surface chemistry of as-synthesized Au NRs is drastically different 
than that of Au NSs. Traditional synthesis procedures of Au NSs use the anionic reducing agent 
sodium citrate to stabilize NSs against aggregation, while Au NR synthesis involves a cationic 
surfactant, cetyltrimethylammonium bromide (CTAB), to provide stability. In this study, we 
explore the effects of surface chemistry on the deposition of NPs to wrinkled substrate that direct 
NP deposition. We utilize a combination of polystyrene (PS) and polydimethylsiloxane (PDMS), 
with the top PDMS layer being wrinkled. Furthermore, in order to expand the technique to 
particles that show stronger electric fields (such as rods), we also study the effects of shape 
anisotropy and aspect ratio on the deposition of Au NPs. Lastly, we conclude this chapter with a 
discussion on the potential applications of these techniques in conjunction with 2D materials. 
In this study, we report methods to control the deposition of Au NPs on crumpled 
textures in large-scale arrays. We use a combination of polystyrene (PS) and 
polydimethylsiloxane (PDMS) to act as the scaffold for both graphene wrinkling and NP 
deposition. The effects of NP surface chemistry, shape anisotropy, and NP dimensions on 
deposition behavior are explored.  
5.3 Materials and Methods 
Materials involved in Au NP synthesis and polyelectrolyte wrapping (chloroauric acid, 
trisodium citrate, cetyltrimethylammonium bromide, ascorbic acid, silver nitrate, sodium 
borohydride, poly(allylamine hydrochloride), and hydroquinone) were purchased from Sigma 
Aldrich. PEG-thiol (MW = 5,000 and MW = 20,000) was purchased from Nanocs and used 
without further purification. TEM images were taken using a Philips CM200 at an accelerating 
voltage of 160 kV. SEM measurements were performed on either a Hitachi S4700 or S4800. 
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UV-Vis spectroscopy was performed on a Cary 5000 UV-Vis-NIR spectrophotometer. Dynamic 
Light Scattering measurements were taken on a Brookhaven Instruments Corporation DLS.  
5.3.1 Fabrication of Wrinkled Substrate 
Polystyrene sheets are ultrasonicated in deionized water for 10 minutes then repeated in 
isopropanol. A 5-1 mix of Sylgard 184 PDMS is then spin-coated at 10,000 rpm for 90 seconds 
onto the cleaned polystyrene surface and then cured together at 80 °C for 12 hours. Depending 
on the target silica thickness, the PDMS is then subjected to a few seconds of oxygen plasma at 
250W in a barrel asher. To form aligned conformal wrinkles, the sample is clamped on opposite 
ends and heated at 110 °C for approximately 15 minutes until the target amount of compressive 
strain is applied. 
5.3.2 Synthesis of Gold Nanospheres 
Gold nanospheres (Au NSs) 20 nm in diameter were synthesized using a modified 
Turkevich method. 250 μL of 0.1 M HAuCl4 was added to 100 mL of H2O, and the solution was 
heating to a rolling boil. 2 mL of 5% trisodium citrate w/w was added, and the reaction was 
allowed to proceed for 30 minutes until the solution reached a deep wine red color. Then, the 
heat was turned off and the solution allowed to cool to room temperature naturally. NPs were 
clean via centrifugation (20 minutes, 8,000 rcf).  
5.3.3 Synthesis of Gold Nanorods 
Short Au NRs were synthesized using the method developed by the Murphy group. 
Briefly, 0.25 mL of 0.01 M HAuCl4 was added to 9.75 mL of 0.1 M CTAB to form the basis of 
the seed solution. Au seeds were created by adding 0.6 mL of ice-cold 0.01 M sodium 
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borohydride to the seed solution, which immediately turned brown. The seeds were allowed to 
age for at least 1 hr before being used in NR synthesis. The growth solution for Au NRs was 
created by mixing 9.5 mL of 0.1 M CTAB, 0.5 mL of 0.01 M HAuCl4, and between 10 and 60 
μL of 0.01 M silver nitrate (AgNO3). Then, 55 μL of 0.1 M ascorbic acid was added to reduce 
Au3+ to 1+, turning the solution completely clear. 12 μL of the seed was added to initiate NR 
growth, which happened overnight. Excess CTAB was removed using centrifugation (20 min, 
600 rcf), and NR concentration determined by optical absorbance.  
Medium Au NRs were synthesized using a procedure described by Zubarev and 
coworkers.
13
 A seed solution was made by diluting NaBH4 to a concentration of 0.01 M in 0.01 
M NaOH, and adding 0.46 mL of the mixture containing 9.5 mL of 0.1 M CTAB and 0.5 mL of 
0.01 M HAuCl4. The solution promptly turned brown, indicating formation of small Au seeds. 
Au seeds were incubated at room temperature for at least 1 hr before being used in NR synthesis. 
A growth containing 9.5 mL of 0.01 M CTAB, 0.5 mL of 0.01 M HAuCl4, and between 10-50 
μL of 0.1 M AgNO3 was prepared. 500 μL of 0.1 M hydroquinone and 160 μL of Au seeds (in 
that order) were added to the growth solution to initiate NR growth, which occurred overnight. 
The next day, the NRs were removed from the growth solution via centrifugation for 20 min at 
4,500 rcf.  
Long Au NRs were made using procedures based on the synthesis reported by Busbee et 
al.
14
 Briefly, two solutions containing 35 mL of 0.1 M CTAB and 0.9 mL of 0.01 M HAuCl4 
(hereafter referred to as solutions A and B) and one solution containing 360 mL of 0.1 M CTAB 
and 9 mL of 0.01 M HAuCl4 (solution C) were made. 200 μL of 0.1 M ascorbic acid was added 
to both A and B, and 2 mL of 0.1 M ascorbic acid was added to C. After gentle mixing, all three 
solutions turned colorless. 4 mL of CTAB-capped Au seeds (see ‘Short Au NR synthesis’ for 
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procedure) was added to solution A, 15 seconds later, 4 mL of A was added to B. After 30 
seconds, the entire contents of B was added to C. The flask was allowed to rest undisturbed 
overnight to allow formation and settling of long aspect ratio NRs. Following overnight 
incubation, the liquid contents of the flask were very gently poured out and discarded. A small 
amount of H2O was added to the flask in order to re-suspend the NRs (the solution should turn 
brown), which was centrifuged at 3,500 rcf for 10 minutes and re-dispersed in H2O in order to 
remove excess CTAB.  
5.3.4 Polyelectrolyte wrapping of Gold Nanoparticles 
Au NSs and Au NRs were dispersed into 10 mL of H2O at a concentration of 1 nM for 
NSs or 0.5 nM of NRs. 4 mL of 10 mg/mL poly(allyl hydrlchloride) (PAH) polymer and 2 mL of 
0.01 M NaCl were mixed together, then added to the NP solution. The mixture was incubated 
overnight, before centrifuging at appropriate speeds and discarding the supernatant containing 
excess polyelectrolyte.  
5.3.5 MTAB Functionalization of Gold Nanoparticles 
(16-Mercaptohexadecyl)trimethylammonium bromide (MTAB) was prepared according 
to the procedure published by Zubarev and coworkers. 1 mL of 1.5 mg/mL MTAB in H2O was 
heated at 60 °C for 30 min, to which 300 μL of 600 nM citrate-capped Au NPs was added. The 
solution was incubated for 3 hrs at 25 °C before excess MTAB was removed via centrifugation 





5.3.6 PEG Functionalization of Gold Nanoparticles 
Au NPs were dispersed to a final concentration of 1.0 nM for Au NSs or 0.5 nM for Au 
NRs in 10 mL of 1 mg/mL PEG-thiol. The solution was allowed to incubate overnight, before 
the NPs were cleaned via centrifugation for 20 minutes at either 8,000 rcf for NSs or 6,000 rcf 
for NRs. Both Au NSs and Au NRs were dialyzed against H2O for 3 cycles (total time: 3 days) 
before being dispersed in ethanol for drop-casting. The cutoff used in the dialysis cassettes was 
30,000 MW. NP concentrations were characterized using UV-Vis spectroscopy.  
5.3.7 Deposition of Gold Nanoparticles 
Au NPs were dispersed to the appropriate concentration in ethanol (unless otherwise 
stated), then 20 μL was drop-casted onto a substrate approximately 1 cm × 1 cm. The 
concentrations for NP deposition are as follows: 20 nm Au NS, 5 nM; AR 3 and AR 6 NRs, 0.5 
nM; AR 18 NRs, 0.1 nM. The sample was placed in a vacuum chamber after drop casting to 
promote solvent removal.  
5.4 Results and Discussion 
5.4.1 Effect of Surface Chemistry on Gold Nanoparticle Deposition 
Au NSs 20 nm in diameter displaying different ligand chemistries were deposited on 
textured PDMS to demonstrate the effect of surface chemistry on the behavior of Au NSs in this 
process. We initially tested three different stabilizing ligands: citrate, PAH, and PEG. All three 
ligands are bound to the Au NS in different conformations, and show have drastically different 
chemical structures. The as-synthesized citrate ligand on Au NSs serves as a starting point for 
many functionalization procedures, due to its high density of charge, as well as ease of 
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displacement. The citrate molecule is not covalently bound to the gold surface, but instead 
physisorbed to the NP.
15
 Traditionally, citrate on the NP surface was believed to have a fast 
exchange rate unbound citrate, which allows for its replacement with ligands showing stronger 
attraction to gold surface such as thiols and thiol-containing compounds.
16
 However, recent 
studies suggest that only the oxidation products of citrate are displaced, while actual citrate 
molecules remain on the surface of the NP after thiol functionalization.
17
 As the citrate shell 
provides a dense anionic charge, layer-by-layer (LBL) techniques can be used to adsorb 
polyelectrolytes around the surface of the NP.
18,19
 This procedure requires an oppositely charged 
polymer to promote wrapping of the NP through favorable electrostatic forces, and effectively 
switches the surface charge (or ζ-potential) of the NP. LBL wrapping can be used to stabilize 
NPs against aggregation in certain buffers systems, or to cover up unwanted existing surface 
chemistries to aid against cytotoxicity.
20,21
 In this context, PAH-wrapped NPs display a positive 
charge, which is opposite to that of citrate NPs. Lastly, PEG coating of NPs neutralizes the 
charge on the NP surface. PEG is commonly used as an anti-fouling agent, due to its ability to 
expand upon hydration with water.
22–25
 Anti-fouling properties of materials are closely connected 
with the hydration layer which acts as a barrier against surface adsorption.
26
 The PEG polymer 
used is modified with a thiol on one end, and attaches to the NP through a gold-sulfur bond. 
Though this polymer can technically be displaced, it is difficult to do so without purposely 
introducing another thiol-containing molecule into the solution, meaning that in the context of 
deposition, there should be little to no change in the coverage of the polymer ligand shell.
27
 In 
contrast to the point charges of citrate and PAH, the PEG polymer acts as more of a brush which 
stabilizes NSs against aggregation. Additionally, the structure of the PEG polymer is 
distinctively more hydrophobic than either citrate of PAH, which could affect the interactions 
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between the ligand shell and the substrate. In the SEM micrographs of citrate, PAH, and PEG 
coated NSs, we observe a large contrast in NS behavior (Figure 5.1). Citrate and PAH-capped 
NSs show similar behavior in that there is significant clumping of particles with no observable 
alignment with the substrate wrinkles. However, PEG capped NSs not only remain discreet after 
deposition, but show good alignment with substrate wrinkles.   
In order to identify the factor which allows for NSs to deposit in alignment with the 
wrinkles, we used the molecule (16-mercaptohexadecyl)trimethylammonium bromide (MTAB) 
as a stabilizing agent for depositing NSs. MTAB is a small molecule that can relate to both the 
PAH polyelectrolyte through its cationic character and the PEG polymer through its binding to 
gold surface via thiol-gold bonds. Additionally, both MTAB and PEG display certain 
hydrophobic character; the alkyl chain making up the backbone of MTAB could potentially 
provide favorable interactions with hydrophobic surfaces, as can the repeat units of a PEG 
polymer. Upon contact with a hydrophobic surface, these two ligand molecules could splay out 
in order to maximize hydrophobic interaction. Through the casting of MTAB-coated NSs onto 
wrinkled substrates, we find that MTAB NSs deposit in a similar pattern to PEG NSs, in its 
discreet placement parallel to the substrate wrinkles (Figure 5.2). While it is difficult to separate 
the contributions of thiol-gold stability and hydrophobic character of MTAB and PEG on NS 
deposition, we can conclude that a highly charged ligand shell around Au NSs does not interfere 
with the placement of NSs into wrinkle troughs.
28
  
Further control over deposition parameters was found in changing the molecular weight of 
the PEG polymer (Figure 5.3). Each unit of ethylene glycol (consisting of two C-O bonds and 
one C-C bond) is 0.44 nm in length. Fully stretched out, a 5,000 MW PEG polymer would 
measure roughly 50 nm.
29




Figure 5.1 Collection of SEM micrographs of Au NSs with different surface chemistries with 
their corresponding chemical structures and their deposition behavior. The chemistries 
represented are citrate (a-b), poly(allylamine hydrochloride) (PAH) (c-d), and poly(ethylene 
glycol) (PEG) (e-f). The structure of the top layer of substrate, polydimethylsiloxane (PDMS), is 





Figure 5.2 SEM micrographs of MTAB coated Au NSs deposited onto wrinkled surfaces (a-d). 





Figure 5.3 SEM micrographs of the effect of PEG polymer length on the deposition of Au NSs. 
The PEG polymer lengths are a) MW=5,000 and b) MW=20,000. NSs are dispersed in H2O prior 





spacing between each NS, suggesting that the PEG polymer has folded in on itself. In order to 
create more spacing between NSs, thiolated PEG polymers with 20,000 MW were grafted to the 
NSs, and deposited onto wrinkled substrates. By visual observation, this produces a pattern of 
NSs that retain its alignment parallel to the wrinkle direction while the distance between 
neighboring NSs are increased. Indeed, calculations of inter-NS distance by measuring the 
distance between NS centers in SEM images reveals that the NSs coated with 5,000 MW PEG 
are an average of 25 nm apart, while NSs coated with 20,000 MW PEG are average of 42 nm 
apart. As the Au NSs are 20 nm in diameter, we can conclude that there is roughly 5 nm of 
separation between NSs displaying 5,000 MW PEG, versus 20 nm of separation between NSs 
that have 20,000 MW PEG on the surface. These distances suggest that the grafting density of 
PEG on the surface of the Au NP remains in the lower “mushroom” regime, as defined by the 
Alexander – de Gennes polymer brush model.
30
 Dynamic light scattering data were collected on 
Au NSs coated with 5,000 and 20,000 MW PEG in order to estimate the hydrodynamic diameter 
of each NS and its ligand shell. By these measurements, Au NSs coated with 5,000 MW PEG 
and 20,000 MW PEG had hydrodynamic diameters of 42.8 nm and 86.3 nm, respectively (Figure 
5.4). Pairing these observations with our SEM distance measurements shows that the PEG 
polymer has undergone a conformation change upon drying, and has shrunk in on itself 
following the removal of solvent. This observation is particularly important due to the fact that 
plasmons supported by metallic NPs can couple if the inter-particle distance is small enough. 
Plasmon coupling has been shown both experimentally and computationally, and can be the basis 







Figure 5.4 Histograms of hydrodynamic diameter (nm) as measured by light scattering 
experiments of Au NSs coated with a) 5,000 MW PEG and b) 20,000 MW PEG. These data 




5.4.2 Effect of Nanoparticle Shape on Deposition 
We also employed wet chemical synthesis procedures for the production of non-spherical 
NPs in order to study the effect of NP shape on deposition (Figure 5.5). The Murphy group has 
developed synthesis routes for a high-shape yield of NRs of varying aspect ratios 
(length:width).
36,37
 We observe that PEG stabilized NRs of aspect ratio ~3 (AR 3) produce a 
similar result to PEG Au NSs in terms of deposition along substrate wrinkles, with varying 
degrees of alignment (Figure 5.1). This could be caused by the rod being able to fit length-wise 
into the wrinkle, allowing it to rest perpendicular to the direction of the wrinkle. Alternate 
synthesis procedures used to produce longer Au NRs in order to understand the effect of NR 
aspect ratio on their deposition behavior. Aspect ratio 6 NRs were produced using a method 
developed by Zubarev and coworkers, which involves reduction of gold salt with hydroquinone 
instead of the traditional ascorbic acid.
13
 Aspect ratio 18 NRs were made using a multi-step 
seeding method previously published by our group.
36
 As the AR of Au NRs increases, we 
observe greater propensity for the NRs to deposit in line with the substrate wrinkles (Figure 5.6). 
While the long axis of AR 6 NRs are mostly parallel to the direction of the wrinkles, there are 
slight imperfections in the alignment. However, these imperfections are not observed when AR 
18 NRs are deposited onto the substrate, as the NRs essentially form long unbroken chains. This 
behavior is somewhat surprising, as we expected that high aspect ratio Au NRs would have 
difficulty fully aligning inside the trenches of the wrinkled substrates. 
5.4.3 Optical Characterization of Deposited Nanoparticles 
Since Au NPs exhibit strong scattering and absorption characteristics, we also used 




Figure 5.5 Transmission Electron Microscopy images of a) AR 3, b) AR 6, and c) AR 18 PEG-
coated Au NRs. Histograms showing the distribution of lengths and widths are shown by the 




Figure 5.6 SEM images of aspect ratio 3 (a-b), aspect ratio 6 (c-d), and aspect ratio 18 (e-f) PEG 




As substrate wrinkles form long continuous lines over significant length, metal NPs deposited 
into the wrinkles will have a polarizing effect on absorbed light. Dark-field microscopy allows 
for the isolation of single or small numbers of NPs, while UV-Vis offers an ensemble 
measurement. When a polarizing filter was used in combination with these techniques, we 
observed a dependence of intensity on rotation. Integration of the light collected by dark-field 
microscopy reveals a difference in intensity of the actual view of a group of NRs as a function of 
rotation (Figure 5.7). We also monitored the absorbance at the plasmon resonance of aligned NPs 
by UV-Vis as a function of rotation. When NSs and NRs are deposited in close proximity to one 
another, their plasmon resonances can couple, resulting in a significant shift of the peak 
absorbance towards the infrared. The plasmon peak of 20 nm Au NSs, which is located at 520 
nm in H2O, is red-shifted to approximately 800 nm (Figure 5.8). Furthermore, the longitudinal 
plasmon peak of AR 6 Au NRs, normally located at 1200 nm, is now observed at 1600 nm 
(Figure 5.9). Interestingly, the transverse peak of AR 6 NRs deposited into wrinkles remains at 
500 nm. This is behavior is expected given that the coupling of NRs is happening end-to-end, 
which should have little to no effect on the transverse plasmon resonance. The plasmon 
resonance of AR 18 Au NRs cannot be determined in solution, as the absorption of H2O or 
ethanol render spectra taken in the IR meaningless. However, when dried onto a wrinkled 
substrate, the plasmon peak is estimated to be located at approximately 2700 nm (Figure 5.10). 
Due to the absorption of the polarizing film used in these experiments, data beyond 2700 nm 
could not be collected (Figure 5.11).  
Plotting the plasmon peak absorbance of each sample against the degree of rotation 
reveals the polarization of Au NPs in each sample. The maximum transmittance of NSs in 




Figure 5.7 a) Actual view from the darkfield optical microscope of AR 6 of NRs aligned along a 
wrinkle. b) Intensity measurements of the area shown plotted against pixel number, while angle 





Figure 5.8 Absorption spectrum of Au NSs deposited onto a wrinkled substrate, at θ = 45° 
relative to the polarizer. Absorbance from the substrate and the polarizer are subtracted (Figure 
5.15). The region from 1000 – 2600 nm shows periodic optical interference from the wrinkled 





Figure 5.9 Absorption spectrum of AR 6 Au NRs deposited onto a wrinkled substrate, at θ = 45° 
relative to the polarizer. Absorbance from the substrate and the polarizer are subtracted (Figure 





Figure 5.10 Absorption spectrum of AR 18 Au NRs deposited onto a wrinkled substrate, at θ = 
45° relative to the polarizer. Absorbance from the substrate and the polarizer are subtracted 





Figure 5.11 Absorbance spectrum of the polarizer film. Noise past 2700 nm renders data beyond 





(Figure 5.12). At θ = 0° and θ = 180°, maximum absorbance (least transmittance) is observed at 
0.407 and 0.365. Likewise, the sample containing AR 6 NRs in wrinkles shows absorbance of 
0.164 and 0.150 at θ = 0° and θ = 180° at 1600 nm, respectively. Comparatively, the absorbance 
at θ = 90° and θ = 270° of AR 6 NRs on a wrinkled substrate is 0.099 and 0.107 (Figure 5.13). 
Lastly, the absorbance at the plasmon peak of AR 18 NRs deposited onto a wrinkled substrate 
show the same behavior. Angles θ = 0° and θ = 180° see the greatest absorbance of 0.483 and 
0.453 respectively, while the absorbance at θ = 90° and θ = 270° are 0.264 and 0.257 
respectively (Figure 5.14). These measurements show that the amount of light transmitted 
through the sample is dependent on the angle of rotation, confirming our SEM observations of 
NP alignment. These two measurements in conjunction with one another support our conclusions 
from electron microscopy in that NPs are depositing within the wrinkles, and are depositing in 
parallel lines over significant lengths.  
5.5 Conclusion and Future Outlook 
In this study, we have shown control over the deposition of NPs onto crumpled substrate 
by varying the surface chemistry and NP shape. Factors such as alignment, inter-particle spacing, 
and packing density can all be adjusted by changing deposition parameters. The creation of such 
defined patterns without the use of lithographic techniques allows for the opportunity to create 
designs across large areas with little complication. Further tuning of deposition parameters and 
NP dimensions could lead to more ordered arrays and better alignment of NPs.  
These experiments were motivated in part by the potential to create hybrid materials 
through combining arrayed plasmonic NPs with 2D materials. 2D materials consist of a single 




Figure 5.12 Radial plot of the absorbance at 750 nm of Au NSs deposited onto wrinkled 





Figure 5.13 Radial plot of the absorbance at 1600 nm of AR 6 NRs deposited onto wrinkled 





Figure 5.14 Radial plot of the absorbance at 2600 nm of AR 18 NRs deposited onto wrinkled 





Figure 5.15 Absorption spectrum of an unwrinkled substrate consisting of polystyrene and 





 The most widely studied 2D materials is graphene, which, by definition, is a 
single atomically thin layer of sp
2
-bonded carbon atoms. The isolation of a single layer of 
graphene was first reported by Novoselov et al., who used a technique akin to repeated sticking 
with tape to obtain a monolayer of the carbon lattice.
40,41
 Currently, synthesis techniques of 
graphene have allowed for the isolation of graphene films on the order of centimeters.
42–44
 
Creation of such large atomically thin films have led to the development of materials with 
enhanced thermal conductivity and electron mobilities.
45,46
 In the past few years, other 2D 
materials have also become of interest due to their enhanced properties when they exist as a 
single atomic layer. One particular example is molybdenum disulfide (MoS2), which can also be 
isolated on the macroscale using chemical vapor deposition techniques.
47,48
 MoS2 monolayers 
offers a distinct advantage over graphene due to the presence of a direct bandgap, which is 
necessary for numerous applications, such as transistors.
49
 MoS2 monolayers also exhibit strong 
photoluminescent (PL) properties which are not observed in graphene.
50,51
 Moreover, 2D 
materials can be physically deformed to introduce an additional dimension into the material, 
allowing for further exploitation of its properties for different applications.
52
 For example, 
crumpled graphene exhibits greater surface area which can induce changes to the reactivity of the 
graphene surface.
53,54
 On the other hand, the bandgap of MoS2 can be tuned by inducing strain 
through wrinkling of the material, which also has been shown to influence exciton funneling.
55
  
Hybrid materials consisting of plasmonic NPs and 2D materials have been explored for 
their enhanced properties and processes.
56–59
 For example, Chen et al. used the graphene sheets 
as an additional plasmonic light trapping layer, which allowed them to enhance the photocurrent 
density of the system.
60
  Their system consisted of aluminum NPs coated with graphene, which 
resulted in solar cell devices with high efficiency. Another study was performed by Zhang et al., 
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who demonstrated an increase in photocatalytic activity by coupling graphene sheets with silver 
NP hybrids.
61
 In this study, the NPs were synthesized in the presence of reduced graphene oxides 
in order to create NP/graphene composites. Furthermore, the PL of single layer MoS2 has been 
shown to be enhanced by Au nanostructures, suggesting that a hybrid material consisting of 
MoS2 and Au NPs could be used to create unique optoelectronic devices.
62,63
 
One widely used method of synthesizing metal NPs onto 2D materials is thermal 
evaporation. In this scenario, a thin film is deposited onto the appropriate substrate, and various 
conditions are adjusted to achieve the final NP size, placement, etc.
57,64
 While this technique 
does in fact produce particles on the nano-scale which can support plasmons, there is little 
control over the size and placement of these NPs. In fact, electron micrographs show that the 
resulting NP deposition is relatively random.
60
 Other methods such as using defect sites of MoS2 
layers to nucleate Au NP growth from HAuCl4 can produce NPs as well, but also with minimal 
control over NP shape, size, and placement.
65
 An alternative method used extensively for 
creating nanostructures is electron-beam (e-beam) lithography. E-beam lithography allows for 
very precise control over NP placement, and is extremely useful for placing discreet structures at 
very precise distances onto a substrate.
66
 However, the main drawbacks to e-beam lithography 
are the time required to decorate a sizeable region with the structures of interest, as well as the 
costs associated with the technique. Other studies have reported deposition of already-
synthesized NPs onto substrates, but there is little control over how the NPs are arranged and no 
guarantee of NPs remaining discreet following removal of solvent.
67
 There is good agreement 






Upcoming experiments related to this project would explore the effects combining 
plasmonic NPs and 2D materials using the methods presented in this work. PL measurements 
have been previously taken to study plasmonic NPs and the effect of spacing between NPs.
69–71
 
Additionally, graphene has been observed to affect the plasmon resonances of Au NPs, which 
could be observable by PL experiments in order to further understand the interactions between 
these two materials.
72,73
 Furthermore, as previously stated, the PL of MoS2 layers could be 
enhanced by the presence of plasmonic NPs.
62
 The effects of Au NR aspect ratio on this 
enhancement would be quantified to optimize the system. We hope that the techniques presented 
here could be used to create comparable hybrid materials, as large-scale production could be 
realized at a fraction of the time and cost. This would drastically improve the engineering 
requirements for these types of materials, and open the door to new strategies for creating more 
efficient and effective devices. 
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